Evidence is presented for the localized melting of cordierite-orthopyroxene-biotite metapelites within the Petronella shear zone in the Southern Marginal Zone of the Limpopo Belt of Southern Africa. This process is expressed by the formation of centimetre-scale, K-feldspar-rich, garnetorthopyroxene-bearing leucosome patches. Structural data indicate that the leucosomes formed after regional peak metamorphic and deformational events, but were syn-to late tectonic with respect to the shear fabric of the host metapelites. Phase equilibria modelling using the PERPLE_X software shows that the leucosomes were produced via fluid-deficient partial melting of the metapelites at temperatures above 900 C and pressures of 6Á0-6Á5 kbar. Melting reactions involving mainly biotite, plagioclase, quartz and accessory phases (including sulfides) produced peritectic Cr-enriched orthopyroxene, as well as Sc, Y, Cr, P-enriched garnet along with the potassium-rich melt. The melt was segregated around the peritectic minerals into the leucosomes. During nearisobaric cooling, the segregated melts crystallized to produce abundant K-feldspar and Sc, Y, Cr and P-poorer garnet inside the leucosome patches. Partial melt loss from the patches on cooling assisted with the preservation of anhydrous assemblages inside the patches and with re-hydration of the surrounding melanosome, with extensive formation of biotite þ quartz6sillimanite assemblages after orthopyroxene and cordierite, as well as late Sc, Y, Cr, and P-free garnet (þsillimanite þ quartz) at temperatures down to < 600 C. Field and P-T data suggest a link between the localized melting of metapelites and trondhjemite intrusions that were syn-to late-tectonically injected into the Petronella shear-zone at about 2Á67 Ga after the peak metamorphic and deformational event in the Southern Marginal Zone. This link is proven by U-Pb ages for monazites (a weighted average 207 Pb/ 235 U age of 2666 6 4 Ma) from the leucosome patches. The trondhjemites provided additional heat and, probably, also a small amount of fluids, for the leucosome formation.
INTRODUCTION
Granitoid magmatism is the principal process that assisted the active redistribution of material between lower, middle, and upper crustal units and, thus, controlled the gravitational stabilization of the Earth's crust (e.g. Brown, 2007 Brown, , 2013 Sawyer et al., 2011 and references therein) . Many researchers support a 'granulitegranite connection' model linked to fluid-absent melting of mica and amphibole-bearing rocks during prograde metamorphism at temperatures exceeding 650 C to explain crustal differentiation by upward removal of the granitic melt, leaving a refractory volatile-and LILEdepleted granulite-facies lower crust (Clemens, 1990; Clemen & Vielzeuf, 1987; Clemens, 1990; Vielzeuf et al., 1990; Johnson et al., 2003; Brown, 2006; Sawyer et al., 2011; Taylor et al., 2014) .
However, field, geochronological, petrological and geochemical data show that significant volumes of granitoids appeared in Precambrian high-grade complexes during peak metamorphism and the retrograde stage (Jung et al., 1998; Kreissig et al., 2001; Barbosa et al., 2006; Perchuk et al., 2008; Huizenga et al., 2011; Morfin et al., 2013 Morfin et al., , 2014 Belyanin et al., 2014a, b; Laurent et al., 2014; Safonov et al., 2014; Smit et al., 2014; van Reenen et al., 2014) . Such granitoids could be unrelated to the surrounding granulites, which they intruded, and may be derived from an external source. Following definitions by Weinberg & Searle (1998) and Leitch & Weinberg (2002) , Morfin et al. (2013 Morfin et al. ( , 2014 termed such granulite terranes 'injection complexes' and provided evidence that the granitic injections served as massive carriers of heat and fluids involved in the evolution of the granulites.
In the injection complexes, granitoids invaded granulites at P-T conditions that were close to the solidi of the host-rocks. Field data (e.g. Morfin et al., 2013 Morfin et al., , 2014 show that melting of biotite granulites in the injection complexes is localized, similar to many examples from various high-grade complexes (e.g. Powell, 1983; Waters, 1988; Stü we & Powell, 1989; White et al., 2004; Brown, 2007 Brown, , 2013 Clarke et al., 2007; Sawyer, 2010) . Localized or 'in source' melting (following the terminology of Sawyer, 2008) produces patchy, coarsegrained, sometimes pegmatitic, leucosomes centimetres or tens of centimetres in size that are orders of magnitude smaller than the large volumes of injected granitic bodies (Morfin et al., 2013 (Morfin et al., , 2014 . The patches commonly contain orthopyroxene and/or garnet produced predominately from the incongruent decomposition of biotite, which, as a rule, is absent or scarce in the patches. Garnet and orthopyroxene are usually also present in veins and dykes of injected granitoid (Morfin et al., 2013) . With inherited peritectic minerals (Stevens et al., 2007; Dorais et al., 2009; Taylor & Stevens, 2010; Dorais & Tubrett, 2012) , both types of melt body might appear very similar after solidification. Thus, their discrimination is a principal task for deciphering the metamorphic evolution of a given terrane.
In the present study we describe coarse-grained leucosome patches composed of orthopyroxene, garnet, plagioclase, K-feldspar and quartz as an example of the 'in source' partial melting of orthopyroxene-cordieritebiotite metapelites within the Petronella Shear Zone (Fig. 1a) in the Southern Marginal Zone (SMZ) of the Limpopo Belt, South Africa. We expand on mineralogical and petrological data for both leucosome patches and host metapelites preliminarily reported by Safonov et al. (2014) . We characterize the behavior of major and minor elements in garnet, orthopyroxene, sillimanite and biotite during melting, and provide phase equilibria modeling in order to investigate the mechanism and P-T conditions of leocosome patch formation. New UPb age data for zircons and monazites from the patches allow us to link the localized melting process within the Petronella Shear Zone with the post-peak tectono-metamorphic evolution of the SMZ.
GEOLOGICAL SETTING AND METAMORPHIC EVOLUTION OF THE SMZ OF THE LIMPOPO COMPLEX
The Limpopo Complex is a high-grade metamorphic terrane located between the Zimbabwe Craton to the north and the Kaapvaal Craton to the south (Fig. 1a) . It is subdivided into three tectonic units separated by major shear zones: a Central Zone (CZ), a Northern Marginal Zone (NMZ) and Southern Marginal Zone (SMZ). In contrast to the CZ, which is a polymetamorphic terrane (e.g. Kramers & Zeh, 2011; Smit et al., 2011) dominated by supracrustal lithologies, the NMZ and SMZ are monometamorphic and considered to constitute the high-grade equivalents of the granitegreenstone successions of the adjacent cratons (Kreissig et al., 2000 (Kreissig et al., , 2001 Blenkinsop, 2011; van Reenen et al., 2011 van Reenen et al., , 2014 . appraised all published models proposed for the (1) the locations of the Bandelierkop Taylor et al., 2014) and (2) Brakspruit (Nicoli et al., 2015) quarries (white circles). Abbreviations on the main figure: SZ, shear-zones; GB, greenstone belts; HRSZ, Hout River Shear Zone. Abbreviations on the inset figure: CZ, Central Zone of the Limpopo Belt; NMZ, Northern Marginal Zone of the Limpopo Belt; ZC, Zimbabwe Craton; KVC, Kaapvaal Craton. (b) Google Earth image of the Sand River area showing the location of outcrops with the garnet-orthopyroxene-bearing leucosome patches: (1) located between two large outcrops of trondhjemite (contoured by red dashed lines); (2) location of trondhjemite outcrop described by Safonov et al. (2014) . evolution of the Limpopo Complex and concluded that only the whole-complex model involving Archaean collision of the Kaapvaal and Zimbabwe cratons at $2Á72 Ga remains a viable working hypothesis.
The SMZ is bounded by the Palala Shear Zone (e.g. Schaller et al., 1999) against the Central Zone of the Limpopo Belt in the north and is juxtaposed against the Northern Kaapvaal Craton along the shallow NEdipping and SW-verging Hout River Shear Zone (HRSZ) in the south (Fig. 1a) . Various authors (e.g. Roering et al., 1992; van Reenen et al., 2011 van Reenen et al., , 2014 Smit et al., 2014) interpret the HRSZ as a crustal-scale structure, which guided thrusting of the SMZ granulites onto the adjacent granite-greenstone terrane after $2Á72 Ga as a part of the exhumation of the entire Limpopo Complex. This interpretation is supported by geophysical data (De Beer & Stettler, 1988 . High-grade rocks of the SMZ occupy the hanging wall of the Hout River Shear Zone, while low-grade granite-greenstone lithologies of the Northern Kaapvaal Craton are located in the footwall (Fig. 1a) . The SMZ comprises two major lithological units (e.g. van Reenen et al., 2011 van Reenen et al., , 2014 : (i) the foliated and banded migmatized tonalitic-trondhjemitic Baviaanskloof Gneisses and (ii) the Bandelierkop Formation, a sequence of ultramafic, mafic, pelitic and minor BIF granulites. Based on major, trace element and Nd, Pb isotope data, Kreissig et al. (2000 Kreissig et al. ( , 2001 concluded that the granulite facies rocks of the SMZ represent the high-grade equivalents of metavolcanic and metasedimentary supracrustal rocks of the juxtaposed granite-greenstone terrane of the Northern Kaapvaal Craton. This conclusion is supported by findings of detrital zircons with SHRIMP ages greater than 3000 Ma (up to 3444 Ma) in the Mg-Al-rich metapelites of the Bandelierkop formation (see figures 4a and b in Rajesh et al., 2014) . These ages are within the age span of adjacent sedimentary successions of the Kaapvaal Craton (3000-3500 Ma; e.g. Zeh et al., 2013) . However, such zircons are rare (Rajesh et al., 2014) , whereas the Bandelierkop metapelites preserve detrital zircons with younger (<3000 Ma) ages (Rajesh et al., 2014; Nicoli et al., 2015) . Based on these data, other authors have suggested that the SMZ represents a separate block (Pietersburg block), which was amalgamated with the Kaapvaal Craton at < 2Á97 Ga. Zeh et al. (2013) and Laurent & Zeh (2015) thus proposed that granulites of the SMZ were formed during collision of the Central Zone of the Limpopo Complex with the northernmost portion of the Pietersburg block. Nicoli et al. (2015) also suggested that the metasediments of the Bandelierkop Formation were derived from a separate block colliding with the Kaapvaal craton or with a non-preserved volcanic arc.
Apart from differing points of view on the nature of the SMZ and some contrary interpretations based on paleomagnetic data (Sö derlund et al., 2010; Pisarevsky et al., 2015) , the bulk of published data conclusively shows that the SMZ was juxtaposed against the Northern Kaapvaal Craton before $2Á68 Ga. This interpretation is supported by P-T-time evidence for the thermal and dynamic interaction of overriding SMZ granulites with the underthrusted Giyani greenstone belt between 2Á72 and 2Á69 Ga (Perchuk et al., 1996 (Perchuk et al., , 2000 Kramers et al., 2014) . The fact that the Matok diorite-granodiorite-monzogranite pluton in the SMZ (Fig. 1a) and granitic plutons in adjacent areas of the Pietersburg block were intruded coevally at $2Á68 Ga on opposite sides of the Hout River Shear Zone and have identical geochemical signatures (Laurent et al., 2013 (Laurent et al., , 2014 Laurent & Zeh, 2015) also indicate that the SMZ and the Pietersburg block built a single crustal unit before 2Á68 Ga.
The complex fold and shear deformational pattern of the SMZ include large crustal blocks displaying evidence of intense deformation bounded by steeply SWverging regional scale high-grade shear zones (Annaskraal, Petronella, Matok) ( Fig. 1a) Smit & van Reenen, 1997) . Foliated and folded granulites occurring within the large crustal blocks are, in hand specimen and under the microscope, characterized by granoblastic textures, attesting to annealing during exhumation. Similar rocks occurring within the bounding shear zones have been described as high-grade 'straight gneisses' that sometimes still document evidence for intense high-grade shear deformation (e.g. Smit & van Reenen, 1997; Smit et al., 2001 ). The SMZ is furthermore subdivided into two metamorphic domains separated by a 'retrograde orthoamphibole isograd' (or orthopyroxene-out isograd), which is defined by the appearance of an anthophyllite þ gedrite þ kyanite/sillimanite þ quartz assemblage after orthopyroxene and cordierite in metapelitic granulites (Fig. 1a; van Reenen, 1986; Stevens, 1997; van Reenen et al., 2011 van Reenen et al., , 2014 Koizumi et al., 2014; Smit et al., 2014) . The northern domain shows granulitefacies metamorphism throughout, whereas extensive retrogression to amphibolite-facies conditions south of the isograd resulted in the establishment of a regional zone of rehydrated granulite (Fig. 1a) .
Several groups of authors using both conventional geothermobarometery and pseudosection modeling have indicated peak metamorphic conditions in the SMZ of 800-870 C and 7Á5-11 kbar (e.g. van Reenen, 1983; van Reenen et al., 1987; Perchuk et al., 1996 Perchuk et al., , 2000 Taylor et al., 2014; Nicoli et al., 2014 Nicoli et al., , 2015 . These conditions were suggested (e.g. Taylor et al., 2014; Nicoli et al., 2014 Nicoli et al., , 2015 to have been attained via clockwise P-T evolution, corresponding to burial of the rocks at the base of the continental crust and their prograde heating. Based on findings of Al -Opx þ Sil þ Qtz, Opx þ Cor, Spl þ Qtz assemblages and antiperthites, Tsunogae et al. (2004) , Belyanin et al. (2010 and Rajesh et al. (2014) reported temperatures above 1000 C at 11-12 kbar in the Mg-Al-granulites of the SMZ. However, Belyanin et al. (2014b) did not confirm these temperatures and pressures, but showed that the Mg-rich aluminous granulites of the SMZ still could provide evidence for temperatures slightly above 900
C, but at 6Á5-7Á0 kbar, i.e. pressures corresponding to the later decompression stage. Safonov et al. (2014) suggested that such temperatures in the SMZ could be related to the later influence of fluidized trondhjemites intruded at about 2 67 Ga (Belyanin et al., 2014a) . In fact, three samples of Mg-Al granulite studied by Rajesh et al. (2014) preserved evidence for a post-peak event between 2Á70 and 2Á60 Ga.
Recent publications based on various geochronological methods report identical ages of peak metamorphism of the rocks of the Bandelierkop Formation: 2717 6 28 Ma (Belyanin et al., 2014a) ; 2716 6 6, 2718 6 7 and 2714 6 22 Ma (Rajesh et al., 2014) ; 2714 6 6Á4 and 2713 6 5Á4 Ma (Taylor et al., 2014) ; and 2713 6 8 Ma (Nicoli et al., 2015) . These ages are close to the ages of the metamorphic peak for the Baviaanskloof Gneiss, c.2720 Ma (e.g. Retief et al., 1990) , supporting the common metamorphic history of both major units in the SMZ. From the comparison of the metamorphic peak and the possible ages of deposition of the Bandelierkop sediments, Nicoli et al. (2015) assumed a high rate of the burial, $0Á17 cm per year, of the SMZ.
The post-peak metamorphic evolution of the SMZ was related to thrusting along the major SW-verging HRSZ shear zone Smit et al., 1992 Smit et al., , 2014 van Reenen et al., 2011) . Granulites that outcrop north of Annaskraal Shear Zone (Fig. 1a) only document evidence for decompression-cooling from $870 C at 8Á3 kbar to $600 C at about 5 kbar (Perchuk et al., 1996 (Perchuk et al., , 2000 van Reenen et al., 2011 van Reenen et al., , 2014 Smit et al., 2014) . Rocks situated to the south of this shear zone (Fig. 1a ) also show evidence for near-isobaric cooling at 6Á0-6Á5 kbar (van Reenen, 1983; Van Reenen et al., 2011 Perchuk et al., 1996 Perchuk et al., , 2000 Smit et al., 2001 Smit et al., , 2014 Safonov et al., 2014; Taylor et al., 2014; Nicoli et al., 2015) . Kreissig et al. (2001) obtained the age of the decompression-cooling stage, 2691 6 7 Ma, from monazites in metapelites in the Bandelierkop quarry, showing common decompression-cooling reaction textures of Grt þ Qtz ¼ Opx þ Crd. The sub-isobaric cooling stage at 6Á0-6Á5 kbar was shown to be thoroughly recorded by the progress of the reaction Crd ¼ Grt þ Sil þ Qtz both in Mg-rich and more Fe-rich metapelites (van Reenen, 1983; Perchuk et al., 1996 Perchuk et al., , 2000 Stevens, 1997; Van Reenen et al., 2014) .
Sub-isobaric cooling in the SMZ was accompanied by regional rehydration and establishment of a retrograde orthoamphibole isograd that is plainly superimposed onto earlier granulite facies folds (Fig. 1a; van Reenen, 1986; van Reenen et al., 2011 van Reenen et al., , 2014 Koizumi et al., 2014) . Rehydration of the SMZ rocks began after emplacement of the Matok pluton at about 2Á66-2Á67 Ga as a discrete episode and lasted, probably, until about 2Á62 Ga (e.g. Belyanin et al., 2014) . It was controlled by an influx of CO 2 -rich and aqueous brine fluids (van Reenen, 1986; van Reenen & Hollister, 1988; Baker et al., 1992; van den Berg & Huizenga, 2001; Huizenga et al., 2014; van Reenen et al., 2014) . Most authors (van Reenen, 1986; van Reenen & Hollister, 1988; Koizumi et al., 2014; Kramers et al., 2014; Smit et al., 2014; van Reenen et al., 2014) agree that the source of these fluids was low-grade greenschists of the Kaapvaal craton buried underneath the granulites during thrusting of the SMZ against and over the adjacent Kaapvaal Craton, as shown by geophysical data (De Beer & Stettler, 1988 . As an alternative, Stevens (1997) suggested that rehydration of the SMZ granulites was caused by aqueous fluids released from crystallizing granitic magmas, which had been produced during prograde fluid-absent melting of metapelitic granulites, whereas CO 2 was produced in situ due to interaction of these fluids with graphitic material stored in the metapelites (e.g. Vennemann & Smith, 1992) .
High-grade rocks of the SMZ preserve evidence for a widespread anatectic history. Lenticles and veins of leucocratic material define the high-grade gneissic fabric of migmatitic gneisses that outcrop throughout the entire SMZ (e.g. Fig. 2a ) (Du Toit et al., 1983; Taylor et al., 2014; van Reenen et al., 2014; Nicoli et al., 2015) . Following on from a study at the Bandelierkop quarry (Fig. 1a) by , Taylor et al. (2014) and Nicoli et al. (2015) documented two structurally different generations of peraluminous tonalitic to granodioritic leucosomes (stromatic and nebulitic) with peritectic assemblages and concluded that the leucosomes record a progression of melting reactions in mica-bearing metapelites during granulite-facies metamorphism in the SMZ. These leucosomes usually have high CaO and low K 2 O contents, which deviate from the range of melt compositions produced in experiments on fluid-absent melting of mica-bearing metapelites (Vielzeuf & Holloway, 1988; Skjerlie et al., 1993; Carrington & Harley, 1995; Patiño Douce & Harris, 1998; Patiño Douce & Johnston, 1991; Pickering & Johnston, 1998; Koester et al., 2002) . Taylor et al. (2014) and Nicoli et al. (2015) addressed this problem by assuming that the leucosomes represent a plagioclase and quartz dominated residuum after the loss of the K 2 O and H 2 Obearing melt produced via biotite-dehydration partial melting in the metasedimentary rocks.
In addition to the anataxis-related melts, the rocks of the Bandelierkop Fomation record the presence of later leucocratic granites. Kreissig et al. (2001) obtained a Pb-Pb zircon evaporation age of 2643 6 1 Ma from the most prominent granitic vein exposed in the Bandelierkop quarry (Fig. 1a) and interpreted this age to reflect the time of emplacement (crystallization) of leucocratic granites formed during exhumation and decompression melting of the Bandelierkop metapelites . Recently, Nicoli et al. (2015) recorded Pb-U ages of 2680 6 6 Ma for homogeneous zircons from a crosscutting granite pegmatite vein at the Brakspruit quarry (Fig. 1a) and concluded that this age corresponds to the age of crystallization of the granite vein. Belyanin et al. (2014a) reported an age of 2667 6 9 Ma for zircon rims from a much larger trondhjemite body at the Petronella locality (Fig. 1a) . These authors also interpreted this as the age of trondhjemite emplacement and crystallization. All of these ages obtained from crosscutting smaller and larger leucocratic granitic bodies are clearly younger than the peak metamorphic age ($2Á72 Ga) providing evidence that the trondhjemites intruded already deformed and granulite-facies metamorphosed migmatitic rocks. These ages also overlap with the emplacement of the syn-late-kinematic diorite-granodioritemonzogranite Matok pluton at 2686 6 7 Ma ( Fig. 1a ; Barton et al., 1992; Laurent et al., 2013 Laurent et al., , 2014 Laurent & Zeh, 2015) . Safonov et al. (2014) also showed that subisobaric cooling of the large trondhjemite body and the adjacent metapelites in the Petronella shear zone (Fig. 1a) occurred at pressures of about 6Á0-6Á5 kbar, which is consistent with the sub-isobaric cooling stage in the SMZ (van Reenen, 1983; Perchuk et al., 1996 Perchuk et al., , 2000 Stevens, 1997; Smit et al., 2001 Smit et al., , 2014 van Reenen et al., 2011 van Reenen et al., , 2014 Taylor et al., 2014; Nicoli et al., 2015) .
Similar to the Matok magmas (e.g. Laurent et al., 2014; Laurent & Zeh, 2015) Dubinina et al. (2015) also concluded that 'the leucogranites represented partial melts derived from an external source and . . . were contaminated when they intruded the host metapelite'. These authors suggested that the possible source of the trondhjemites could be Baviaansklooftype TTG gneisses. We have obtained 'heavy' d
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C for graphite (À6Á52, À8Á65 and À8Á59 &) and fluid inclusions (À2Á50, À4Á22 and À5Á58 &) from three samples of trondhjemites from the Bandelierkop quarry and proposed an amphibolitic source for these trondhjemites (Safonov et al., 2018) . Fig. 2 . Melt patches developed in sheared metapelites of the Petronella Shear Zone. (a) Southward view of meter-sized orthopyroxene-dominated patches that clearly crosscut the sheared fabric of the metapelite. 'A' is the unmodified sheared metapelite with early intrafolial leucocratic lenses inferred to represent the earliest evidence for partial melting that produced the migmatitic nature of SMZ granulites. 'B' is dark melanosome developed in direct contact with a melt patch. 'C' is the undeformed interior of the melt patch that comprises a coarse-grained quartz-feldspar matrix with large embedded crystals of dark grey orthopyroxene and much smaller pinkish garnet grains. 'D' is a banded portion comprizing 'lenses' of quartz-K-feldspar material interbanded with dark melanosome, representing ghost structures inherited from the adjacent sheared metapelite. 'E' shows a small melt patch wrapped by the older shear fabric of the metapelite. (b) Large, mainly concordant patch with voluminous leucocratic material (K-feldspar þ plagiocalse þ quartz) cored by a cluster of euhedral and subhedral orthopyroxene and garnet crystals and wrapped by sheared metapelite (high-grade straight gneiss); the orthopyroxene-garnet cluster is necked, reflecting squeezing of the patch; dashed lines show the concordant foliation; discordant relationships are shown in the upper left corner. (c) Large euhedral orthopyroxene crystals that overgrow the contact between an orthopyroxene-bearing patch and the host gneiss. Note the presence of the narrow discordant orthopyroxenebearing vein (at the thick arrow).
Late granite and trondhjemite magmas thus probably served as additional sources of heat and fluids during the evolution of the SMZ granulites. Fluid inclusions in quartz and garnet in the trondhjemites indicate that the magmas contained both aqueous-salt and CO 2 components (Safonov et al., 2014 (Safonov et al., , 2018 . Using ternary feldspar thermometry and pseudosection modeling for trondhjemites at the Petronella and Bandelierkop localities, Safonov et al. (2014 Safonov et al. ( , 2018 calculated that the temperature of these magmas could have been above 900 C. Such temperatures are enough to trigger localized partial melting of biotite-bearing country metapelites. Safonov et al. (2014) assumed that leucosome patches (referred to as 'enclaves') that occur within migmatitic metapelite spatially related to the syn-late tectonic trondhjemite body at the Petronella locality (Fig. 1b ) might represent such a melting product. These patches are the focus of the present study.
STRUCTURAL RELATIONS BETWEEN GARNET-ORTHOPYROXENE-K-FELDSPAR PATCHES AND HOST METAPELITES
The studied localities at the boundary between farms Petronella and Legkraal (23 o 20'42Á43" S; 29 o 36'42.72" E) are located along the river bed of the Sand River (Fig. 1b) near the southern limb of the kilometres-wide Petronella shear zone (Fig. 1a) . This major high-grade shear zone overprints the main metamorphic and folddeformational fabric of the SMZ developed at the metamorphic peak ($2Á72 Ga) (e.g. Rajesh et al., 2014; Van Reenen et al., 2011 . The studied outcrops are large, water-smoothed exposures of dark-greenishgrey, metapelitic granulites of the Bandelierkop Formation that include both sheared and unsheared varieties. The outcrops with orthopyroxene-garnet-K-feldspar patches are associated with sheared metapelitic granulites that are located between two large exposures of trondhjemite intruding the metapelites (Fig. 1b) . These exposures, probably, form part of a single trondhjemite body, exposed along 250-300 m in the river bed. The earliest generation of leucocratic material associated with metapelite at the Petronella locality is defined by lenticles and veins of leucocratic material that enhance the high-grade gneissic fabric of the rocks (e.g. Fig. 2a ), a situation that characterizes the entire SMZ (e.g. Du Toit et al., 1983; Roering et al., 1992; Smit et al., 1992; van Reenen et al., 2011 van Reenen et al., , 2014 Taylor et al., 2014; Nicoli et al., 2015) . The younger and much more voluminous variety forms large internally undeformed bodies of trondhjemite. They intruded sheared migmatitic metapelite of the Bandelierkop Formation at $2680 Ma (Belyanin et al., 2014a) , i.e. after the peak metamorphic and deformational events that affected the SMZ (e.g. Du Toit et al., 1983; van Reenen et al., 2011 van Reenen et al., , 2014 Safonov et al., 2014) . Evidence that emplacement occurred syn-to-late tectonically with respect to the high-temperature shear deformation is supported by narrow shear zones within the trondhjemites expressed by grain-size reduction that is developed near the contact with the host metapelite, and sub-parallel to the regional shear fabric of the Petronella shear zone (Safonov et al., 2014) . The trondhjemite body contains blocks of sheared metapelitic granulite that are located close to the contacts with the host metapelites (Safonov et al., 2014; van Reenen et al., 2014) . The continuation of these metapelitic blocks along strike is shown by spectacular, long trails of garnet aggregates, which have been interpreted as evidence for reaction of the solid metapelites with the injected granitoid magma (Safonov et al., 2014) .
The ellipsoidal or lens-like and largely undeformed patches of 10-100 cm in size (Fig. 2a-c) within sheared metapelitic gneisses are composed of coarse-grained aggregates of feldspars and quartz, which enclose large (locally, up to 3 cm) subhedral to euhedral orthopyroxene crystals and smaller (0Á5-2 mm) rounded garnet grains (Fig. 2a, b) . The volume proportions of orthopyroxene and garnet in patches may be equal (Fig. 2b ), but orthopyroxene is commonly more abundant than garnet (Fig. 2a) . Clusters of orthopyroxene and garnet usually occur in the cores of quartzofeldspathic leucosomes (Fig. 2a, b) .
The patches show both discordant ( Fig. 2a ) and concordant (Fig. 2b, c) relationships with the enclosing shear fabric, whereas large crystals of orthopyroxene and, sometimes, also garnet locally overgrow the contacts between undeformed patches and the sheared metapelite (Fig. 2c) . The interiors of the patches are undeformed ( Fig. 2a-c) . Modified dark, biotite-rich metapelitic material (melanosome) (see B in Fig. 2a ) containing both orthopyroxene and garnet is developed between the patches and the sheared host gneisses surrounding the patches (e.g. Fig. 2a, b) . This melanosome usually contains small lenses of leucocratic material (Fig. 2a, b ) that probably represent in situ melt (e.g. Sawyer, 2008) . The older concordant shear fabric that wraps the patches often contains numerous small leucocratic veins (Fig. 2b) . These distinct structural features suggest that the patches formed after the regional peak metamorphic and fold deformational events ($2Á72 Ga), but syn-to late tectonic with respect to the shear fabric of the host metapelite.
ANALYTICAL METHODS

Bulk chemistry analyses
For bulk chemistry analysis (Table 1) , samples were crushed to a fine powder using a jaw crusher and tungsten carbide swing mill. Glass disks were prepared for XRF analysis as a mixture of 5Á9 g of high-purity fused anhydrous flux (Li 2 B 4 O 7 þLiBO 2 þLiBr), 0Á7 g of the rock powder (preliminary dried at 105 C) and 0Á5 g of LiNO 3 . Whole-rock major element composition was determined using a PANalytical Axios Fast 1 MagiX PRO X-Ray Fluorescent Spectrometer equipped with robotic sample changer at the Spectrum (The Central Analytical Facility of the Faculty of Science, University of Johannesburg). For standards of known composition, typical deviation from the reference value is less than 1% for major elements present at a concentration of greater than 1 wt %. Measurements below 0Á05 wt % were considered to be zero. Water contents in the samples PET-5 (metapelite) and DR4-09 (patch rock) (Table 1) were measured using the TGA method.
BSE and microprobe analyses
Analyses of minerals were performed using the SEM Jeol 6480 LV equipped with EDS detector INCA-Energy 350 and WDS detector INCA Wave 500 (Oxford instruments) at the Laboratory of Local Methods of Analysis at the Department of Petrology of Moscow State University. Analytical conditions for the analyses were 15 kV acceleration voltage, 15 nA beam current, counting times of 100s. The ZAF matrix correction was applied. Reintegration of compositions of perthitic Kfeldspar was carried out by scanning over areas of 180-20 mm 2 depending on the coarseness and density of plagioclase lamellae. Usually, zones with fine perthite lamellae (2-5 mm thick) were chosen for reintegration. In order to estimate possible Na loss during analysis, counting times of 100 and 40 s were applied. It was found that scanning over areas does not produce measureable Na loss from K-feldspars.
The Jeol Superprobe JXA-8230 at the above laboratory was used to analyse both major and some trace elements (Ti, Sc, Y, P, Cr) in garnet, biotite, orthopyroxene and sillimanite. The analytical conditions for the Superprobe analyses were 20 kV acceleration voltage and 60 nA beam current. The slit size was 500 mm for all spectrometers. The garnet standards USNM 143968 (Mg-Ka 1 , Al-Ka 1 and Si-Ka 1 -TAP crystal; Fe-Ka 1 -LiF crystal) and USNM 87375 (Ca-Ka 1 -PET-J crystal) were used for calibration of the major elements (Jarosewich et al., 1980) . Counting times for major elements were similar both for the standards and the sample: Mg, Ca and Fe -40 s; Al and Si -20 s. The dispersion of the measured concentration during the major element analyses using the above conditions did not exceed 0Á5 %. The following crystalline standards were used for the minor element analyses: MnTiO 3 for TiKa 1 and Mn-Ka 1 ; Cr 2 O 3 for Cr-Ka 1 ; ScPO 4 for P-Ka 1 and Sc-Ka 1 ; Y 3 Al 5 O 12 for Y-La 1 . The Ti, Mn, Cr measurements (crystal LiF) and P (crystal PET-J) were performed using spectrometers with a 140 mm radius Rowland circle, whereas Sc and Y (crystal PET-H) were measured using the 100 mm radius H-type spectrometer. The position of maxima for the trace elements in garnets was specified by means of slow scanning of the corresponding spectral intervals. Counting time was set to attain a detection limit of 0Á005 wt %: 30 s for Ti and Mn, 40 s for Cr, 60 s for P and Y and 80 s for Sc. A ZAF correction was applied for analyses. Analytical conditions for the elemental mapping at the Jeol Superprobe JXA-8230 were the same as for individual spot analyses. Elemental maps were constructed on the basis of 10 scans with a resolution of 256 Â 192 pixels and dwell time 10 ms, All mineral analyses used in this study (see below) are presented in Tables S1-S8 in the Supplementary Data; supplementary data are available for downloading at http://www.petrology.oxfordjournals. org.
Fluid inclusion measurements
Fluid inclusions were investigated in double-polished sections (200 to 300 lm thick) using the LINKAM THMSG 600 heating-freezing stage at the Institute of Experimental Mineralogy. The stage works within the temperature range from À196 to 600 with automatic heating/cooling at a rate of 0Á1-90 C/min. The accuracy of the thermometric measurements is about60Á1 C. Systematic calibration of the stage was performed using natural (CO 2 , Camperio, Alps) and synthetic (H 2 O) inclusions in quartz.
Laser ablation multi-collector inductively coupled plasma mass spectrometry (LA-MC-ICPMS) Both zircons and monazites from the leucosome patch rocks were analysed using LA-MC-ICP-MS on crystals in previously studied in polished thin sections. The equipment at the Spectrum Analytical Facility of the University of Johannesburg consists of an ASI RESOlution SE 193 nm Excimer laser ablation system, coupled to a Nu Plasma II multi-collector ICP mass spectrometer. Ablations were carried out in a Laurin Technic dualvolume cell under a helium atmosphere (flow of 0Á25 l/ min) mixed with argon (c.0Á84 l/min) before entering the MC-ICP-MS. The blank was measured on-peak in the 25 seconds before ablation and the ablation measurement itself took 50 seconds. An integration time was 0Á2 s. Hg were measured on ion counters. Ratios and ages were computed with reference to external standards using an in-house data reduction program based on VB Excel. The Excel add-in Isoplot (v. 3.6; Ludwig, 2008) was used for age calculations. For the zircons, spots of 25 mm diameter were ablated at 2 Hz. Laser fluence was around 1Á3 J/cm 2 , which is a nominal energy of 3 mJ at an attenuator setting of 12Á5%. The following reference materials were used: OG1 (3465 6 1 Ma, Stern et al., 2009) , A382 and A1772 (1877 6 2 Ma and 2712 6 1 Ma respectively, Huhma et al., 2012) . Analyses with detectable common Pb were corrected following the crustal lead evolution line of Stacey & Kramers (1975) . Zircon (CD)QGNG (1850 6 1 Ma, Black et al., 2003) was measured as an unknown to check accuracy. Apart from two analyses with very high U contents, which gave discordant ages, ten analyses of this reference material gave a concordia age of 1851 6 5 Ma (2 r), which is within error of the accepted value (Schoene et al., 2006) . Monazites were ablated with a 9-11 mm spot size, at an ablation rate of 1Á2-1 Hz. Corrections for instrumental drift and mass bias were performed based on multiple measurements of monazites B0109 (Hisøy, Norway, 1136 6 2 Ma, Bingen et al., 2008) and A49H (1876 6 2 Ga, Salli, 1983) . Geochronological data obtained in this study are presented in Supplementary Data Table S9 .
PETROGRAPHY AND MINERAL ASSEMBLAGES OF THE STUDIED ROCKS
Metapelites of the Banderlierkop Formation
Metapelites of the Bandelierkop Formation are greygreenish, fine to medium-grained rocks composed of the principal mineral assemblage Crd þ Opx þ Bt 6 Grt þ Pl þ Qtz with accessory sillimanite, spinel, ilmenite, apatite, monazite, zircon and sulfides (van Reenen, 1983 (van Reenen, , 1986 Perchuk et al., 1996 Perchuk et al., , 2000 van Reenen et al., 2011; Safonov et al., 2014; Taylor et al., 2014; Nicoli et al., 2015) . Garnet is absent in Mg-rich cordierite-orthopyroxene-biotite rocks, but is present in more Fe-rich varieties (van Reenen, 1983; . Unsheared varieties within the Petronella shear zone have granoblastic textures under the microscope, in contrast to sheared equivalents termed 'straight gneisses' van Reenen et al., 2011) that are characterized by orthopyroxene-rich and biotite-rich bands alternating with plagioclase-quartz bands (Fig. 2a, b) . Attenuated orthopyroxene grains and biotite flakes are aligned within the shear foliation. The leucocratic bands show variable proportions of plagioclase and quartz, with about 10 up to 50 vol. % of quartz. Rare K-feldspar is mostly represented by antiperthite inclusions in plagioclase.
PET-5 is a representative example of the unsheared metapelite (Safonov et al., 2014) and was collected from the same general area in which leucosome patches are developed. Since this sample was modeled as a possible protolith for the garnet-orthopyroxene-K-feldspar patches, we expand the description of this rock which was previously reported by Safonov et al. (2014) . Sample PET-5 belongs to the Mg-rich variety of metapelite (Table 1) , which does not contain garnet. Biotite flakes are disoriented, while isometric clusters consisting of worm-like orthopyroxene intergrown with cordierite are present in the rock (Fig. 3a) . These clusters are similar to cordierite-orthopyroxene coronas around garnet that characterize much of the SMZ (including Petronella area) and are interpreted as products of the reaction Grt þ Qtz ¼ Opx þ Crd during decompressioncooling (van Reenen, 1983; Perchuk et al., 1996 Perchuk et al., , 2000 Smit et al., 2001; van Reenen et al., 2011; Taylor et al., 2014; Nicoli et al., 2015) . Although no relic garnet was found in metapelite PET-5, the presence of the cordierite-orthopyroxene clusters implies that this mineral must have been present in the assemblage before the decompressioncooling stage. Locally, the clusters are recrystallized to nearly equigranular aggregates of orthopyroxene, cordierite, biotite, plagioclase and quartz. Sheared varieties of metapelite have similar mineral assemblages and preserve similar reaction textures, as described by Smit et al. (2001) .
Metapelites in the studied outcrops which are not in direct contact with quartzofeldspathic patches show various retrograde assemblages developed after orthopyroxene, cordierite, biotite, and plagioclase. Orthopyroxene grains are rimmed with fine orthopyroxene-sillimanite intergrowths in contacts with cordierite. These intergrowths are intermixed with symplectite-like textures consisting of biotite, quartz, and sillimanite. Cordierite and plagioclase are crossed by veinlets of acicular and fibrous sillimanite with interstitial quartz. In sheared varieties, cordierite is usually partially replaced by complex aggregates of Na-bearing gedrite, biotite, aluminum silicate (both sillimanite and kyanite), rare Fe-staurolite and plagioclase. Subhedral garnets with numerous inclusions of aluminum silicate and quartz replacing cordierite appear in metapelites. We did not observe garnet growth after the hydration products of cordierite as Stevens (1997) has observed in the hydrated rocks south of the orthoamphibole isograd. In the studied samples from the Petronella locality, hydration and garnet growth proceeded together during sub-isobaric cooling (van Reenen, 1983; Perchuk et al., 1996 Perchuk et al., , 2000 Smit et al., 2001; van Reenen et al., 2011 van Reenen et al., , 2014 . In contrast to cordierite, orthopyroxene remained stable.
Primary pyrrhotite and pentlandite in metapelites form rounded complex grains included in plagioclase, orthopyroxene, and biotite ( Fig. 3a, b) . Late pyrite and chalcopyrite form pseudomorphic textures on pyrrhotite (Fig. 3b) . Pyrite-chalcopyrite aggregates replacing pyrrhotite are commonly accompanied by Fe-bearing dolomite, ankerite or siderite (Fig. 3b ).
Orthopyroxene-garnet-K-feldspar patches
Unlike the garnet-bearing trondhjemites that intruded the Petronella shear zone (Safonov et al., 2014) , the orthopyroxene-garnet patches contain 30-50 vol. % of perthitic K-feldspar. Figure 4a shows the distribution of K-feldspar in sample DR4-09, which will be modeled subsequently as a representative example of a patch. It is abundant in some areas of the patch, but is almost absent in other areas. If K-feldspar is abundant, the average Qtz/Pl/Kfs ratio of about 20/30/50 in such areas allows classification of the rock as a quartz syenite or quartz mangerite (Le Maitre et al., 2002) . In these areas, K-feldspar forms large irregular grains or veins of various thickness embedding orthopyroxene, garnet, plagioclase, and quartz grains (Figs. 4a, b; Supplementary Data S1a, b) . Some plagioclase crystals embedded in K-feldspar show subhedral to euhedral facets, characteristic of magmatic textures in syenites or monzonites (Fig. 4a, b) . Central zones of K-feldspar grains in the patches are crowded with fine (2-5 mm thick) perthite lamellae ( Fig. 4b-e) . However, recrystallized zones with coarsened perthite lamellae (up to 10-20 mm thick) also occur inside grains and in their peripheral zones. Locally, K-feldspar shows cuspate outlines, characteristic of mineral pseudomorphs after melt films and pools (e.g. Sawyer, 2008) . Quartz usually forms irregular grains. In the portions of the patches with less abundunt K-feldspar (see upper left corner of the thin section in Fig. 4a and Supplementary Data Fig. S1b ), orthopyroxene and garnet grains are surrounded by a plagioclase-quartz matrix. We interpret these areas as evidence for melt loss from the patches after crystallization of plagioclase, quartz, orthopyroxene and garnet (Sawyer, 1987; Brown, 2002; White & Powell, 2010; Taylor et al., 2014; Nicoli et al., 2015) .
Orthopyroxene grain sizes in the studied patches vary from about 0Á2 up to 3-5 mm (Fig. 4a, b) . Large grains (> 1 mm in size) are usually subhedral to euhedral, whereas smaller ones are anhedral or rounded in shape (Fig. 4b) . Some large crystals contain subhedral and euhedral garnet inclusions (Fig. 4b) . Inclusions of plagioclase and quartz are rare (Fig. 4a) . No biotite has been found as inclusions in orthopyroxene. A specific feature of orthopyroxenes is the presence of needle-like inclusions of a Ti-rich phase, probably ilmenite (based on BSE contrast), which look like exsolution features (Fig. 4d) . These needles are similar to those reported for orthopyroxene from high-temperature granulites (e.g. Kawasaki & Motoyoshi, 2007) .
In addition to inclusions in orthopyroxene, subhedral and euhedral garnet inclusions are also present in plagioclase (Fig. 4b ). Large garnets in the patches usually form either separate rounded grains in the feldspar matrix or grains in contact with orthopyroxene ( Fig. 4a , b; Supplementary Data Fig. S1 ). Garnet grains are comparable in size to orthopyroxene grains and vary from 0Á1-0Á2 mm to 2-3 mm ( Fig. 4a, b; Fig. S1 ). Garnets usually do not contain inclusions. However, two grains with oriented coarse (up to 100 microns long) inclusions of sillimanite in the cores were identified in the patch DR4-14 (Supplementary Data Fig. S1 ).
Specific reaction textures in the patches are developed along the contacts of orthopyroxene and garnet grains with feldspars. These assemblages are rather unequally distributed, being predominantly developed as thin reaction zones along orthopyroxene-K-feldspar contacts, and, less commonly, garnet-K-feldspar contacts. Myrmekitic integrowths of plagioclase and quartz locally replace K-feldspar (Fig. 4c ). Thin (20-50 mm wide) reaction intergrowths of biotite, sodic plagioclase, and quartz commonly occur at the contacts of orthopyroxene with perthitic K-feldspar (Fig. 4d) . Locally the reaction zones contain acicular sillimanite intergrown with quartz and sodic plagioclase (Fig. 4e) . Minute staurolite and ilmenite are also present in these reaction zones. At the contacts with Kfeldspar, garnets show small appendages intergrown with quartz ( Fig. 4c, e) . These appendages are usually accompanied by sillimanite-quartz and plagioclasequartz intergrowths. Biotite is usually absent along the garnet-K-feldspar contacts (Fig. 4e ).
Rounded grains of zircon and monazite usually less than 50 mm in size are present both as inclusions in garnet, orthopyroxene, plagioclase and quartz and at their contacts ( Monazite forms rare inclusions in orthopyroxene and garnet, but is mostly distributed at the contacts of these minerals with feldspars and quartz. At the periphery of the patches, monazite forms inclusions in biotite, as well as grains (probably, relics) in biotite-quartz-(sillimanite) aggregates replacing orthopyroxene, K-feldspar and cordierite. A few grains of ilmenite were detected both as inclusions in garnets and in the quartzo-feldspathic matrix (Supplementary Data Fig. S1c) . In contrast to the host metapelites, pyrite is the predominant sulfide phase in the leucosome patches (Fig. 4a, f) . Pyrite contains inclusions of chalcopyrite and pentlandite and is usually mantled by quartz at contacts with orthopyroxene ( Fig. 4f) . Relics of pyrrhotite partially replaced by pyrite were observed only at the periphery of the patches in biotite-rich melanosome (Fig. 4a) . No carbonates were observed in association with sulfides.
Low-grade alteration occurs as veinlets of greenish chlorite along grain boundaries and in cracks truncating orthopyroxene grains in the patches. The highest degree of alteration is observed in peripheral zones of the patches. Some orthopyroxene grains located there are extensively altered to chlorite (for example in the patch L14-8/3, see Supplementary Data 
Modified metapelite immediately surrounding the patches
The typical texture of the metapelite immediately adjacent to and wrapping the studied leucosome patches is exemplified in Fig. 5a . Orthopyroxene is characterized by strongly curved outlines. It usually appears as relics partially replaced at their boundaries by biotite þquartz6 sillimanite aggregates. Orthopyroxene grains commonly contain biotite, plagioclase or quartz inclusions.
Isometric garnet grains 0Á3-0Á8 mm in size with irregular shapes are the most common morphological type of garnet in the rock (Fig. 5a, b) . These grains consist of cores (Grt 1 in Fig. 5b ) and outer serrated zones (Grt 2 in Fig. 5b ) and are unequally dispersed in the rocks, usually surrounded by biotite þ sillimanite þ quartz aggregates (Fig. 5a ). The cores are well distinguished in high-contrast BSE images and element maps (see below) and are usually inclusion-free, however inclusions of biotite are sometimes present (Fig. 5b) . The outer zones contain numerous tiny inclusions of sillimanite and quartz (Fig. 5b, d) . In some grains, inclusions of spinel trace the contacts of the cores with the outer zones. Outer zone garnet (Grt 2 ) usually is accompanied by either biotite þ sillimanite þ quartz aggregates or sheaf-like aggregates of sillimanite developed after matrix plagioclase and cordierite, which are present as relics (Fig. 5b) . Sillimanite veinlets associated with Grt 2 crosscut plagioclase and cordierite grains.
Another morphological type of garnet present in the modified rocks surrounding the patches is represented by large (several mm in size) anhedral grains (Fig. 5c, d ). Figure 5c shows such garnet within a cordierite-rich domain of the rock. The garnet contains oriented coarse (up to 200 mm) inclusions of sillimanite. In addition, it also contains inclusions of cordierite that are mantled by biotite in contact with the host garnet (Fig. 5c ). At contacts with matrix cordierite, new garnet Grt 2 appears (Fig. 5c) . It also contains inclusions of sillimanite and quartz, but these inclusions are much smaller (less than 20 mm), morphologically different (needle-like) from the coarse sillimanite inclusions in the central parts of the grain and also differ in their minor element contents (see below).
Anhedral garnets in the quartz-rich portion of the rock (Fig. 5d) contain only rare sillimanite and quartz inclusions. This garnet is fractured, and fractures are marked with stringers of Fe-rich garnet. The garnet-sillimanite outer zones (Grt 2 ) appear only locally on the garnet and are associated with biotite-rich aggregates (Fig. 5d) .
Several morphological types of biotite occur in the modified metapelite around patches. The first type is represented by large (> 1 mm) flakes, which are commonly strongly corroded and deformed (Fig. 5e) . Smaller (0Á2-0Á5 mm) flakes, which mantle large biotite flakes, are usually associated with aggregates containing sillimanite and quartz ( Fig. 5a-f) . The third type of biotite occurs as intergrowths with quartz, replacing orthopyroxene and earlier biotite (Fig. 5a -c, e) and is extensively developed in the matrix of the modified rocks.
Cordierite is locally preserved in the rock matrix ( Fig. 5c ) and is usually strongly replaced by pseudomorphic (Fig. 5a) aggregates consisting of biotite, sillimanite (kyanite cannot be excluded, as well), late wormlike orthopyroxene, quartz and plagioclase (Fig. 5f) .
Plagioclase is commonly free of antiperthitic lamellae. However, plagioclases with K-feldspar lamellae occur locally in the studied samples along with grains of perthitic K-feldspar (Fig. 5e ). These K-feldspar grains are very similar to those present in the leucosome patches. K-feldspar grains are corroded by biotite þ quartz aggregates (Fig. 5e) .
The modified metapelitic gneiss immediately surrounding the patches thus preserves abundant mineralogical and textural characteristics of both the patches and of the Banderlierkop metapelites. This feature allows classification of these rocks as melanosome (e.g. Sawyer, 2010) , in contrast to the leucosome represented by the patches.
BULK COMPOSITIONS OF THE STUDIED ROCKS
There is no possibility to analyze the bulk compositions of the patches reliably because of the textural inhomogeneity and variability of such coarse-grained material (Fig. 2a-c) . Nevertheless, we have analysed material collected from patch DR4-09 (Fig. 4a ) and compared it with the bulk composition of metapelite PET-5 (Table 1) . The obtained composition is fairly similar to the composition of the metapelite, except for lower SiO 2 content and higher Fe 2 O 3 content. The K 2 O/Na 2 O ratio is below unity, which is inconsistent with the abundance of Kfeldspar in the patches. Thus, the obtained bulk composition reflects, presumably, a melt-depleted portion of the patch.
In order to obtain the compositions of K-feldspar-rich portions of three patches, we made a raster of EDX analyses over several large overlapping areas in thin sections ( Fig. 4a and Fig. Supplementary Data S1a, b) . Analyses, integrated, averaged and normalized to 100%, are presented in Table 1 . The analyses are consistent with each other and show close similarity to the XRF analysis. Lower Al 2 O 3 and higher K 2 O contents are attributed to the presence of abundant K-feldspar, whereas variable MgO þ FeO content at approximately constant MgO/FeO ratio reflects variable proportions of orthopyroxene and garnet.
The characteristic feature of the bulk composition of the patches (produced both by XRF and microprobe) is that the SiO 2 content is below 62 wt %. This is much lower than the SiO 2 content in melts (usually > 65 wt %) produced in experiments on fluid-absent melting of metapelites (Vielzeuf & Holloway, 1988; Skjerlie et al., 1993; Carrington & Harley, 1995; Patiño Douce & Harris, 1998 ; Patiño Douce & Johnston, 1991; Pickering & 
and outer serrated zones (Grt 2 ) with sillimanite and quartz inclusions that plunge into the biotite þ sillimanite þ quartz aggregates (see text for detailed description); (c) Anhedral garnet crowded with numerous oriented sillimanite inclusions in the cordierite-rich portion of the rock; the matrix cordierite is partially replaced by aggregates of sillimanite þ quartz and biotite þ sillimanite þ quartz; vertical dashed line (at the left upper corner of the image) indicates the position of a profile across orthopyroxene as shown in Fig. 5a ; inset figure shows differences between Grt 1 and Grt 2 and the presence of sillimanite inclusions. (d) Anhedral garnet with rare sillimanite and quartz inclusions in the quartz and plagioclase-rich portion of the rock; note stringers (brighter contrast) in the garnet; (e) Different generations of biotite: large deformed earlier generation, later biotite associated with sillimanite þ quartz and biotite þ quartz symplectites corroding large flakes of earlier biotite, orthopyroxene and perthitic K-feldspar. (f) Intergrowths of biotite, sillimanite, orthopyroxene, quartz, and plagioclase, which are considered as products of cordierite decomposition. Johnston, 1998; Koester et al., 2002) . The experiments produced melts with much lower MgO þ FeO contents. This proves that the leucosome patches are mixtures of predominant peritectic and, possibly, residual crystalline phases and subordinate melt. Thus, a direct comparison of the patch bulk composition with the compositions of experimental melts is not justified.
MINERAL COMPOSITIONS Orthopyroxene
The X Mg values in the cores of large orthopyroxene grains from the melanosome rocks are 0Á59-0Á60, while X Al is 0Á07-0Á08 (6Á7-6Á9 wt % Al 2 O 3 ) (Supplementary Data Table S1 ). The X Mg and X Al values of orthopyroxenes usually do not change at their contact with inclusions of biotite (Supplementary Data Table S1 ), implying an absence of late exchange between the inclusions and the orthopyroxene interiors. In contrast, the X Mg values of orthopyroxenes increase up to 0Á64-0Á67 at the contacts with the biotite-rich matrix of the rocks (Supplementary Data Table S1 ), suggesting a strong influence of the late Fe-Mg exchange. However, the Al 2 O 3 content decreases insignificantly during this exchange, suggesting the robust behavior of this component during retrogression (Pattison & Bé gin, 1994a , 1994b Aranovich & Berman, 1997; Carson & Powell, 1997; Pattison et al., 2003 Late worm-like orthopyroxene developed in the pseudomorphic textures after cordierite (Fig. 5f ) has much lower Al 2 O 3 , about 5Á0 wt %, whereas their X Mg (0Á62-0Á65) is comparable to the values in the rims of large orthopyroxene grains modified by retrograde reactions (Supplementary Data Table S1 ). According to the stoichiometric formula recalculations, the late orthopyroxene contains 0Á05-0Á07 a.p.f.u. Fe 3þ (Supplementary Data Table S1 ).
The maximum X Al of orthopyroxene from the leucosome patches, measured in the cores of large crystals, reaches 0Á08 (i.e. 7Á25-7Á30 wt % Al 2 O 3 ) at X Mg ¼ 0Á60-0Á62 (Supplementary Data Table S1 ). Usually, X Al in orthopyroxene gradually decreases from the cores of the grains toward their periphery zones, with insignificant variations of X Mg . The X Al values usually decrease at contacts with garnet. The strongest compositional modifications are observed around the euhedral garnet inclusions (Fig. 4b) , where X Al locally decreases down to 0Á06 while X Mg increases up to 0Á63-0Á64 (Supplementary Data Table S1 ). The X Al also drops by about 2 mol % in the small relics of orthopyroxene within the sillimanite-plagioclase-quartz intergrowths developed along the contacts of orthopyroxene grains with matrix feldspars (Supplementary Data Table S1 ). Notably higher X Mg , up to 0Á67, characterizes these relics.
Recalculations of the formulae of orthopyroxenes from the patches using the stoichiometric approach reveal that they are richer in Fe 3þ (0Á06-0Á07 a.p.f.u.) than orthopyroxenes in the melanosome (Supplementary  Data Table S1 ). However, in contrast to the melanosome, orthopyroxenes from the patches do not show clear negative Fe 3þ -Si correlation. Thus, the higher Fe 3þ -Tschermak component in the orthopyroxene from the patches could be an artifact caused by microprobe errors. Safonov et al. (2014) compared the compositions of orthopyroxene from the patches with orthopyroxenes from metapelites from the Petronella locality (see Fig. 9 in Safonov et al., 2014) . At similar X Mg , orthopyroxenes from metapelites show lower X Al, varying from 0Á04 to 0Á06 (4Á5-6Á0 wt % Al 2 O 3 ).
Garnet
Garnets in the melanosome surrounding the orthopyroxene-garnet patches show zoning with respect to Mg, Fe, Mn and Ca as well as with respect to minor elements, Cr, P, Y and Sc. Figure 6a -f shows textural and compositional zoning for two small isometric garnet grains (100-150 mm) surrounded by sillimanite-quartz (6biotite) aggregates after cordierite. High contrast BSE images of these garnets (Fig. 6b) reveal the presence of euhedral inclusion-free cores (Grt 1 ) surrounded by serrated shells (Grt 2 ) containing vermicular inclusions of sillimanite. However, element mapping and compositional profiles across the garnets reveal no clear zoning in the Mg (Fig. 6c) , Fe and Mn contents of both the core and the shell. The X Mg of garnet varies within the range 0Á40-0Á41 and locally decreases to 0Á37-0Á38 at the rims of the grains or in thin stringers filling cracks. The garnet cores are distinguished by higher concentration of Ca, Cr, Sc, P and Y with respect to the shells (Fig. 6d-f) . Element profiles for these grains ( Fig. 7 ; Supplementary Data Table S2) show that the Ca content is remarkably correlated with the concentrations of the trace elements. The drop in the concentrations of all trace elements accompanies a decreasing Ca content in the Grt 2 shells. Relatively sharp boundaries between cores and shells of the garnets indicate that the initial concentrations of Ca, Cr, Sc, Y and P have probably not been strongly modified by diffusion, in contrast to Mg, Fe and Mn. A drop in the Cr content between the core and the shell in grain 1 corresponds to a narrow zone containing minute spinel inclusions (Fig. 6a) . The core of grain 2 shows clear zoning: Cr, Y and Sc show an almost symmetrical increase from the center of the core toward its rim. This feature is also evident for Sc in the core of grain 1.
The shell of Grt 2 with sillimanite inclusions is developed only locally on a large garnet grain with rare coarse sillimanite inclusions (Figs 5d and 8a) . Although the X Mg of this grain is slightly lower (about 0Á39), much of the grain shows no zoning in Mg, Fe and Mn ( Fig. 8b-d ; Supplementary Data Table S2 ). Profiles of these elements are complicated by a decrease of Mg and increase of Fe at the rims of the grains and local maxima and minima for these elements, which correspond to stringers of a late Fe-Mn-rich garnet developed along cracks (Fig. 8b-d) . The Ca profile is also flat, with an abrupt decrease just within several microns of the rim (Fig. 8d) , while the Ca content is very similar to those in the cores of grains 1 and 2 (Fig. 7) . Profiles of Y and P follow those of Ca (the maximum value of P is, probably, related to superposition with an apatite or monazite inclusion located close to the thin section surface) (Fig. 8e, f) . The concentration of Y is similar to that of the cores of grains 1 and 2, whereas the mean concentration of P is slightly lower. In contrast to Y and P, Cr and Sc show a prominent zonal distribution (Fig. 8e, f) , which is expressed by the bell-shaped increase of Cr and decrease of Sc outwards from the center. Such zoning in Cr is consistent with the zoning of the core of grain 2 (Fig. 7) , but the zoning in Sc is opposite. Fe-Mnrich stringers in the garnet do not strongly disturb the concentrations of the trace elements (Fig. 8e, f) ; however, the trace element contents drop abruptly at the rim of the large garnet grain (Fig. 8e, f) . Figure 9a -f shows zoning of a part of the garnet grain with abundant sillimanite inclusions, which grew in the Al-rich (where cordierite is preserved) portion of the rock (Fig. 5c) . The profiled portion of the garnet consists of two zones: a central zone with oriented coarse sillimanite inclusions (Grt 1 , lighter contrast in Fig. 9b ) is rimmed by zones with delicate disoriented sillimanite and quartz inclusions (Grt 2 , darker contrast in Fig. 9b) , which are developed after cordierite. Again, the profile shows an overall flat distribution of Mg, Fe and Mn, although the increase of Mg and decrease of Fe towards the outer zone is notable (Fig. 9c) . The Grt 1 zone is distinguished by higher contents of Ca, Sc, P, Y, and Cr ( Fig. 9d-f ). Cr and Y show near-symmetrical concave profiles within the Grt 1 zone (Fig. 9f) comparable to the profiles in grain 2 in Fig. 7 and in the large garnet in Fig. 8f . The abrupt decrease of the Ca and trace element concentrations is observed in the Grt 2 zones (Fig. 9d-f) .
Thus, despite their different appearance in various micro assemblages, as well as slight differences in the absolute contents of major and trace elements, all garnets in the melanosome show very similar characteristics, which support the presence of two (excluding late stringers) generations. Grt 1 , with or without inclusions of sillimanite, is characterized by higher X Ca ¼ 0Á029-0Á032 and elevated concentrations of Cr, Sc, Y and P. In contrast, Grt 2 has much lower X Ca ¼ 0Á017-0Á012 and is characterized by vanishingly low concentrations of the above trace elements. Mg-numbers and the Mn contents of these garnet generations are rather similar. Figure 10a -c illustrates the compositional characteristics of garnets from the leucosome patches (Supplementary Data Table S2 ). The Mg-numbers of garnet cores vary only slightly from patch to patch. In patch DR4-09 (Fig. 4a ) the X Mg of garnet is 0Á37-0Á38, whereas garnets in patch DR4-14, including rare garnets with sillimanite inclusions, have X Mg ¼ 0Á35-0Á37. With X Ca varying from 0Á022-0Á029 (Fig. 10a) , the subhedral garnet inclusions in orthopyroxenes from the patches (Fig. 4b) have X Mg ¼ 0Á28-0Á30 (Supplementary  Data Table S2 ). Similar X Mg values (0Á28-0Á31) were also recorded in small subhedral garnet inclusions in matrix plagioclase. Inclusions in both orthopyroxene and plagioclase preserve weak zoning with slightly more Mg-rich centers. Low Mg-numbers in inclusions (Fig. 6b) . Shaded areas indicate Grt 2 with inclusions of sillimanite, whereas dotted lines mark the boundaries between Grt 1 and Grt 2 . Stippled area on the profiles of grain 1 marks a zone with minute spinel inclusions. See text for discussion.
in orthopyroxene and plagioclase are, apparently, related to the extremely active late Fe-Mg exchange of the garnets with the host orthopyroxene or with a intergranular exchange medium (e.g. Pattison & Bé gin, 1994a , b) on cooling, which has completely obliterated the initial Fe/Mg ratios of small garnets. However, the garnet inclusions in orthopyroxene and plagioclase preserved distinctly higher concentrations of Cr, Sc, and Y compared with other types of garnet in the patches (Fig. 10b, c ; Supplementary Data Table S2 ). Rare garnets with oriented inclusions of sillimanite also have elevated contents of Cr, Sc, and Y comparable to the inclusions. Garnet grains in the matrix and the late garnet appendages show the lowest content of these elements (Fig. 10c) .
Comparison of garnets from the patches and melanosome in terms of Sc, Y and Cr concentrations (Fig. 11a, b) shows that overall higher Sc, Y and Cr contents characterize the idiomorphic cores of garnets and large grains in the melanosome. Wide dispersion of these elements on binary diagrams reflects both zoning within the individual cores and grain-to-grain variations. The Sc, Y and Cr contents in the garnet inclusions in orthopyroxenes from the patches correspond to the lower limits of the concentrations in the cores of garnets from the melanosome (Fig. 11a, b) . Nevertheless, they are still higher than the Sc, Y, and Cr concentrations in the separate garnet grains in the patches. Late garnets associated with sillimanite both in the melanosome and in the patches generally have the lowest Sc, Y, and Cr contents (Fig. 11a, b) . Dispersion of the Cr and Sc concentrations in the garnets associated with sillimanite in the melanosome can, probably, be explained by partial inheritance of these elements from the overgrown Sc and Cr-rich garnet cores. The groups of garnets distinguished by their trace element contents show differences in X Mg and X Ca . Trace element-rich garnet cores in the metapelites show the highest X Mg ¼ 0Á39-0Á42. X Ca in the garnet cores varying from 0Á022-0Á032 seems to be determined by a specific microassemblage and, specifically, by the amount of plagioclase close to the garnet grains. Large anhedral garnets in the melanosome show similar X Mg and X Ca . Excluding the Fe-rich inclusions in orthopyroxene, garnets in the patches show generally lower X Mg ¼ 0Á35-0Á38 and X Ca ¼ 0Á023-0Á029, with the late garnets being slightly more Fe-rich. Late garnets intergrown with sillimanite after cordierite in the melanosome are characterized by wide variations in X Mg from 0Á36-0Á41. Wide variations of X Ca in these garnets, 0Á011-0Á032, are determined by the presence of plagioclase in the specific micro-assemblage.
Thus, both major compositional characteristics, such as X Mg and X Ca , and specific trace elements (Sc, Y, P, Cr) adequately reflect the sequential and interrelated evolution of the patches and the host modified metapelites (melanosome). However, the presence of the small Fe-rich garnet inclusions in orthopyroxene and the late stringers in garnets shows that X Mg could be easily modified during late cooling and fluid-rock interaction processes, whereas the above specific trace elements much better reveal aspects of the rock history (e.g. Spear & Kohn, 1996) .
Biotite
Several successive generations of biotite with distinctly different X Mg and TiO 2 contents (Fig. 12a) Table S3 ). The Mg-numbers of these biotites do not vary, suggesting that biotites included in orthopyroxene probably were not affected by Fe-Mg exchange during cooling. In contrast, rare biotite inclusions found in garnet cores show wide variations in X Mg (up to 0Á75) at a comparable TiO 2 content ( Fig. 12a; Supplementary Data Table  S3 ). The compositions of the biotite inclusions generally overlap with the compositions of large flakes, which show wide variations in X Mg (0Á63 -0Á75) and TiO 2 content (5Á5-2Á5 wt %) ( Fig. 12a; Supplementary Data Table  S3 ). The larger flakes usually have lower X Mg and higher TiO 2 contents. Smaller flakes, which are associated with later biotite-sillimanite-quartz aggregates and late garnet, are richer in FeO and poorer in TiO 2 . Their compositions are similar to those of some biotites intergrown with sillimanite. The latest generation of biotites is represented by TiO 2 -free varieties associated with the products of cordierite decomposition that show X Mg up to 0Á84 ( Fig. 12a ; Supplementary Data Table S3 ).
The sequence of biotite generations defined by X Mg and TiO 2 are accurately reflected by their Cr 2 O 3 contents ( Fig. 12b ; Supplementary Data Table S3 ). Biotite inclusions in orthopyroxene and garnet and most of the large biotites in the matrix have 0Á4-0Á6 wt % Cr 2 O 3 . The latest biotites are very poor or devoid of Cr 2 O 3 . Concentrations of Sc, Y and P in biotites are below the detection limit (< 50 ppm) for the Jeol Superprobe JXA-8230.
Large biotite flakes and inclusions in orthopyroxene usually have 0Á24-0Á31 wt % F. Late biotites associated with the products of cordierite decomposition show slightly higher F contents, up to 0Á42 wt %, correlating with a higher Mg-number.
Only late biotite fringes along the contacts of orthopyroxene crystals with K-feldspar are present inside the orthopyroxene-garnet patches (Fig. 4d, e ). This biotite with X Mg ¼ 0Á66-0Á67 is characterized by 0Á30-1Á0 wt % TiO 2 ( Fig. 12a; Supplementary Data Table S3 ). The Cr 2 O 3 content of the biotite fringes at the contacts of orthopyroxene and K-feldspar in the patches corresponds to the latest generation of biotites ( Fig. 12b ; Supplementary Data Table S3 ).
Aluminum silicate
Oriented coarse inclusions of sillimanite in garnet and late sheaf-like aggregates involved in the assemblages replacing cordierite in the melanosome distinctly differ in their Cr 2 O 3 concentrations (Supplementary Data  Table S4 ). The inclusions contain 0Á2-0Á3 wt % (rarely up to 0Á4 wt %) Cr 2 O 3 (Fig. 13) content of the late sillimanite is below 0Á03 wt % ( Fig. 13 ; Supplementary Data Table S4 ).
It should be specifically noted that the elevated Cr 2 O 3 content of the sillimanite inclusions correlates with the elevated content of this component in the large host garnets, while vanishingly low contents of Cr 2 O 3 in the late garnet replacing cordierite corresponds to the low Cr 2 O 3 contents of the associated sillimanite. Donohue & Essene (2005) reported that chromium strongly partitions into garnet with respect to sillimanite. However, in our case, the Cr 2 O 3 content of sillimanite inclusions are even slightly higher than the Cr 2 O 3 content of the host garnet. For example, the Cr 2 O 3 content of the sillimanite inclusions in the large garnet in Fig. 8a is 0Á22-0Á25 wt %, whereas the Cr 2 O 3 content of the host garnet varies from 0Á11 to 0Á19 wt. %. Concentrations of Y and Sc measurable with WDS could not be detected in sillimanite, despite their presence in the host garnets.
Both types of sillimanite contain 0-0Á03 wt % MnO and 0Á6-1Á5 wt % Fe 2 O 3 (Fig. 13 ). There are no notable differences in the contents of these oxides in both types of sillimanite (Supplementary Data Table S4 ).
Spinel
Spinel sporadically occurs in the matrix of the metapelites hosting the leucosome patches and is usually attached to cordierite or surrounded by biotite-sillimanite-quartz aggregates. Spinel included within cordierite grains and untouched by the late cordierite-breakdown reactions has X Mg of about 0Á35 and 5-6 wt % Cr 2 O 3 (Supplementary  Data Table S5 ). In contrast the Cr 2 O 3 content of spinels involved in the late reactions increases up to 13-17 wt %, whereas the X Mg values of these spinels decrease to 0Á14-0Á24 (Supplementary Data Table S5 ). Spinels contain 1Á5-2Á5 wt % ZnO.
Cordierite
The Mg-number (X Mg ¼ 0Á88-0Á90) of cordierite in the melanosome either increases or decreases by only about 1 mol % toward contacts with garnet (Grt 2 )-sillimanite textures, but in most cases it remains constant (Supplementary Data Table S6 ). The lowest X Mg ¼ 0Á86 was detected in the small relics of cordierite preserved within the biotite-orthopyroxene-sillimanite-quartzplagioclase pseudomorphs ( Fig. 5f ; Supplementary Data Table S6 ). However, it should be specially noted that the Mg-numbers (X Mg ¼ 0Á88-0Á90) of cordierites from the melanosome are notably higher than the X Mg of cordierites recorded in the metapelites of the Petronella Shear Zone, including cordierites trapped by trondhjemites (Safonov et al., 2014) .
Plagioclase
The X Ca values of matrix plagioclase from the patches varies within the range 0Á22-0Á24, while X K values vary non-systematically from 0Á01 to 0Á03 (Supplementary  Data Table S7 ). It should be noted that the X Ca values of plagioclases from the patches are slightly higher than the X Ca of plagioclases (0Á19-0Á21) from the garnetbearing trondhjemites that intrude the Petronella shearzone (Safonov et al., 2014) . Plagioclases forming intergrowths with quartz and sillimanite along grain boundaries in the patches (Fig. 4c, e) are slightly more calcic, X Ca ¼ 0Á24-0Á28, but have X K < 0Á01 (Supplementary  Data Table S7 ).
The composition of plagioclase in the rocks hosting the patches (X Ca ¼ 0Á24-0Á25) corresponds to the upper composition limit of the matrix plagioclases in the patches (Supplementary Data Table S7 ). Generally, these values are close to, but slightly lower than those of plagioclases from the orthopyroxene-cordierite-biotite metapelites in the studied area (Safonov et al., 2014) . These facts arguably imply that some of the plagioclase in the patches could have been inherited from the surrounding metapelites. The most calcic plagioclases (X Ca ¼ 0Á31-0Á34) are attached to the late biotite-sillimanite-quartz aggregates replacing cordierite ( Fig. 5f ; Supplementary Data Table S7 ), a situation that is usual for late retrograde reactions in the metapelites of the Petronella Shear Zone (Safonov et al., 2014) .
K-feldspar
Re-integration of the composition of perthitic K-feldspar from the leucosome patches and melanosome using a rastered electron beam yields X K ¼ 0Á71-0Á76, X Na ¼ 0Á25-0Á21 and X Ca ¼ 0Á025-0Á037 (Supplementary  Data Table S7 ). The X Ca values decreases below 0Á01 and the X Na values decrease below 0Á15 in the perthitefree zones of the K-feldspar grains.
Monazite
The Y 2 O 3 content of monazites in the patches varies from sample to sample. The patch L14-8/3 contains the most Y-poor monazite (0-1Á7 wt % Y 2 O 3 ; Supplementary Data Table S8 
FLUID INCLUSIONS IN THE PATCHES
Fluid inclusions are extremely rare in the patches. They are represented exclusively by CO 2 and were identified as isolated isometric inclusions (<10 mm in size) or groups of inclusions localized in the centers of quartz grains. Larger inclusions show negative crystal shapes and, texturally, all measured inclusions can be classified as primary. The homogenization temperatures and corresponding densities vary from 4Á1 (0Á902 g/cm 3 )
to 26Á6 (0Á684 g/cm 3
). The melting temperature of the fluid inclusions is -56.7
, suggesting pure CO 2 .
MINERAL EQUILIBRIA MODELING AND P-T CONDITIONS OF THE PATCH FORMATION AND EVOLUTION
In order to evaluate P-T conditions for the patches, we applied phase equilibria modelling for a specific bulk composition by Gibbs free energy minimization in the system MnO- Figure 14a shows a pseudosection calculated for the bulk composition DR4-09-1 measured by XRF for patch DR4-09 (Table 1) . This composition is considered as representative for the melt-depleted portion of the rock. The bulk H 2 O content (M H2O ) of the rock was estimated using a M H2O -T pseudosection based on the proposition that no primary biotite was detected in the rock, K-feldspar was crystallized close to solidus, and that late biotite fringes developed along the contacts of orthopyroxene and Kfeldspar ( Fig. 4d-e) were formed either close to the solidus or subsolidus. The M H2O -T pseudosection (see below) demonstrates that this is possible at M H2O < 0Á2 wt %, which was used for further modeling. Another unspecified component in the rock that might influence phase relations is Fe 2 O 3 or 'free' O 2 . Application of the M O2 -T and M O2 -P pseudosections at M H2O ¼ 0Á2 wt % showed, however, that phase assemblages and compositions of garnet and orthopyroxene do not notably depend on M O2 up to 0Á05 wt % (i.e. about 0Á5 wt % Fe 2 O 3 ). Therefore, the value M O2 ¼0Á02 wt % (corresponding to about 0Á2 wt % Fe 2 O 3 ) was arbitrarily taken for further calculations of the P-T pseudosection (Fig. 14a) .
The P-T pseudosection constructed for the bulk composition DR4-09-1 at M H2O ¼ 0Á2 wt % and M O2 ¼ 0Á02 wt % shows that the assemblages melt þ Grt þ Opx þ Ilm þ Pl þ Qtz and melt þ Grt þ Opx þ Ilm þ Pl þ Kfs þ Qtz are stable at 5Á7-6Á2 kbar (depending on temperature) above 850 C (Fig. 14a) . Isopleths of Al 2 O 3 content in orthopyroxene (Fig. 14b) indicate a dependence of this parameter within the field melt þ Grt þ Opx þ Ilm þ Pl þ Qtz on both pressure and temperature, whereas 6Á7-7Á3 wt % Al 2 O 3 in orthopyroxene from patch DR4-09 (Table S1) corresponds to temperatures well above 900 C. These Al 2 O 3 values are located between the X Opx Mg isopleths 0Á61 and 0Á62, which are characteristic for orthopyroxenes from patch DR4-09 (Table S1 ). They also correspond to the interval at about An 22 for the anorthite content of plagioclase, which is slightly lower that the anorthite content in plagioclase in patch DR4-09 (An 23-An 24; Supplementary Data Table S7 ). Since isopleths of X Opx Mg , Al 2 O 3 content in Opx and An in plagioclase are subparallel in the field melt þ Grt þ Opx þ Ilm þ Pl þ Qtz (Fig. 14b) (Fig. 14c) . The modeling predicts that equilibrium garnet in the patches should have much higher X Grt Mg and much lower X Grt Ca , than that observed in the patches. All attempts to improve this discrepancy by variations of the H 2 O and/or O 2 bulk contents failed. Thus, the discrepancy between calculated orthopyroxene and garnet compositions is, probably, related to the bulk composition of the rock (DR4-09-1 in Table 1 ) used in the modeling.
In order to check this, a pseudosection and isopleths were constructed for the more potassium-rich bulk composition DR4-09-2 (Table 1 ) measured by microprobe area scanning. Figure 15a demonstrates that at similar H 2 O and O 2 contents the phase relations do not change significantly for this bulk composition with respect to the phase relations in Fig. 14a . However, K-feldspar appears in the 'patch assemblage (Fig. 15a) , which is extended down to 4Á7-5Á0 kbar. The solidus is displaced to lower temperatures. Change in bulk composition does not influence the appearance of biotite at about 850 C (compare Figs 15a and 14a). Despite comparable phase relations, changes in the bulk composition from DR4-09-1 to DR4-09-2 strongly influence the position of the isopleths. Isopleths of grossular in garnet are displaced to lower pressure, whereas isopleths of pyrope content in garnet are shifted to higher temperatures. Isopleths corresponding to the composition of garnet in patch DR4-09, i.e. Prp 38-Prp 37 and Grs 2Á7-Grs 2Á2 (Table  S2) , along with the plagioclase composition An 24-An 23 (Table S7 ) contour a field between 880-970 C and 6Á5-7Á2 kbar.
Isopleths of the Al 2 O 3 content in orthopyroxene are displaced to lower pressure (Fig. 15c) , and, thus, 6Á7-7Á3 wt % Al 2 O 3 in orthopyroxene from patch DR4-09 (Table S1 ) corresponds to a pressure interval from 4Á.8-6Á2 kbar and temperatures of 880-950 C. Modeling of the bulk composition DR4-09-2 predicts X Mg < 0Á57 for orthopyroxene, which is absent in patch DR4-09. Similar results were obtained for the bulk composition DR4-14 (Table 1) . Phase relations are comparable to those obtained for the bulk composition DR4-09-2 (compare Figs 16a and 15a) . Isopleths corresponding to the composition of garnet in patch DR4-14, i.e. Prp 35-Prp 37 and Grs 2Á3-Grs 2Á1, and the plagioclase composition An 24-An 23, contour a field between 860-960 C and 5Á9-6Á8 kbar (Fig. 16b) . Isopleths of the Al 2 O 3 content in orthopyroxene show that 6Á5-7Á1 wt % Al 2 O 3 in orthopyroxene from patch DR4-14 correspond to pressures between 4Á6 and 5Á9 kbar and temperatures of 900-970 C. Again, modeling of bulk composition DR4-14 predicts X Mg < 0Á55 for orthopyroxene, which is not recorded in patch DR4-14.
The above examples clearly show that the compositions of coexisting orthopyroxene and garnet (especially, their Mg-numbers) in the patches are strongly dependent on variations of the bulk composition. Discrepancies between modeled mineral compositions and actual compositions of coexisting orthopyroxene and garnet indicate that they seem to be strongly affected by late modifications during cooling and decompression. Various authors (Fitzsimons & Harley, 1994; Pattison & Bé gin, 1994a, b; Aranovich & Berman, 1997; Carson & Powell, 1997; Pattison et al., 2003) specifically noted that because of different closure temperatures and diffusion rates of Fe and Mg vs Al, the Al content of orthopyroxene better reflects the hightemperature stage of the rock evolution, while Mg-Fe equilibrium between orthopyroxene and garnet is affected by retrograde exchange. The strongest compositional modifications around Fe-rich (X Mg ¼ 0Á28-0Á30) garnet inclusions in orthopyroxene (Fig. 4b) serve as a perfect example. Low X Mg values (0Á29-0Á31) are also observed in small euhedral garnet inclusions in matrix plagioclase (Fig. 4b) . Thus, the retrograde Fe-Mg exchange extensively influenced small garnet grains independently of their neighbors, suggesting the important role of the 'integranular exchange medium' (Pattison & Bé gin, 1994a, b; Carson & Powell, 1997) , represented by melt in the leucosome patches. However, in all modeled cases, the Al 2 O 3 content of orthopyroxene corresponds to the highest temperatures (Figs 14b, 15c, 16c) .
Despite discrepancies between mineral compositions, phase equilibria modeling shows that the mineral assemblage of the patches Grt þ Opx þ Pl þ Kfs þ Ilm þ Qtz coexisting with a melt was formed at temperatures above 900 C. The best superposition of the fields Fig. 16 . Phase relations and mineral compositions calculated for the bulk composition DR4-14 (Table 1) , which is considered as representative for the melt-enriched portion of the patch.
(a) P-T pseudosection for the bulk composition DR4-14 at 0Á02 wt % O 2 and 0Á2 wt % H 2 O; mineral assemblage of the K-feldspar-rich portion of the patch determined by mineral compositions in the patches is 910-940 C at an average pressure of about 6Á0-6Á5 kbar. Modeling predicts that at these conditions, K-feldsparrich domains of the patches (bulk compositions DR4-09-1 and DR4-14 in Table 1 ), which are possibly less modified by melt loss processes, contain 8-10 vol. % of the melt coexisting with 3-10 vol. % of garnet, 22-27 vol. % of orthopyroxene, 26-36 vol. % of K-feldspar, 11-25 vol. % of plagioclase, 4-16 vol. % of quartz and minor ilmenite. K-feldspar-poor domains of the patches show a higher content of garnet (26-27 vol. %), but lower content of orthopyroxene (13-14 vol. %), no Kfeldspar, about 38 vol. % plagioclase and 12 vol. % quartz. The amount of melt in these domains is comparable (about 9 vol. %) to that of the K-feldspar-rich domains. These mineral proportions are consistent with the modal mineral contents observed in the patches.
The compositional similarity of orthopyroxenes from patches and from the melanosome (Supplementary Data Table S1) implies that both were formed at similar P-T conditions. However, application of the pseudosection method for the melanosome is not fully justified, since the bulk composition of this rock must have been altered via back reactions with the melt released from the adjacent leucosome patches. This process is well recorded by extensive development of biotite þ sillmanite þ quartz 6 plagioclase assemblages replacing orthopyroxene, cordierite, primary biotite and Kfeldspar in the melanosome (Fig. 5a-f) . The only way to estimate temperatures for the melanosome is by application of conventional point-to-point mineral thermometry. For this purpose, we applied the winTWQ (version 2.32) software (Berman, 2007) with self-consistent endmember mineral properties according to Berman (1988) and solid solution models for garnet, biotite, orthopyroxene from Berman & Aranovich (1996) . Temperature was calculated via independent equilibria:
(where AlOpx is AlAlO 3 , a fictive orthopyroxene endmember; Aranovich & Berman, 1997; Aranovich & Podlesskii, 1989; Pattison et al., 2003; Berman, 2007) and
Following the recommendations of Carson & Powell (1997) , large grains of orthopyroxene and garnet with weak growth zoning (less effected by the retrograde exchange) were selected to calculate the maximum temperature from equilibria (1) and (2). Figure 17 shows one calculation applied to cores of the early Cr, Y, Scenriched garnet and orthopyroxene in the melanosome. For the pressure interval 6Á0-6Á5 kbar, equilibria (1) and (2) respectively gave temperatures of about 910 C and 940 C (Fig. 17) . The difference between these temperature values again seems to reflect lower closure temperature for the Fe-Mg exchange between orthopyroxene and garnet in comparison to the Alin-orthopyroxene equilibria (Fitzsimons & Harley, 1994; Pattison & Bé gin, 1994a, b; Aranovich & Berman, 1997; Carson & Powell, 1997; Pattison et al., 2003) . Insignificant displacement of reactions (1) and (2) by about 2-3 C is observed for equilibria (1) and (2), accounting for 5 mol % and 2 mol % Fe 3þ in garnet and orthopyroxene, respectively (Fig. 17) . The orthopyroxene-biotite Fe-Mg exchange equilibrium (3) applied to biotite inclusions and host orthopyroxene defines a temperature range of 890-930 C, which is consistent with the garnet-orthopyroxene equilibria (Fig. 17) . Temperatures obtained due to conventional thermometry for the melanosome are thus consistent with the temperature ranges deduced for the patches using pseudosection modeling.
Cooling of the patches is recorded in the decreasing Al-content of orthopyroxene, orthopyroxene-garnet FeMg exchange and in the formation of intergranular myrmekite, biotite-plagioclase-quartz and sillimanite (6biotite)-plagioclase-quartz reaction zones at the contacts of orthopyroxene and garnet with the quartzofeldspathic matrix (Fig. 4b-e) . All these textures are developed locally along grain boundaries, suggesting that they represent either near-solidus or subsolidus reactions. According to the pseudosections (Figs 14a,  15a, 16a ), biotite appears at temperatures 840-870 C at pressures of 6Á0-6Á5 kbar (Fig. 18a, b) . Isopleths (Figs 14b, 15c and 16c) indicate that depending on the bulk composition, the Al 2 O 3 content of orthopyroxene at the conditions of biotite formation decreases to 4Á3-5Á5 wt %. Orthopyroxene relicts with about 5Á0 wt % Al 2 O 3 are locally present at the contacts of orthopyroxene crystals with K-feldspar (see Supplementary Data Table S1 ). Cooling is also manifested by an increase of the grossular content in garnet (Figs 15b and 16b) , which is recorded in the increase of grossular content by 2-3 mol % (Fig. 10a) in the garnet appendages associated with late intergranular textures (Fig. 4c, e) . The predominant phase in the late textures is plagioclase, which forms at the expense of K-feldspar (Fig. 4c-e) . The pseudosection (Fig. 18b) predicts two reaction points (r1 and r2), where K-feldspar reacts out from the plagioclase-bearing assemblages either at the solidus (r1) or in the subsolidus (r2), supporting this observation.
The solidus of the patches (Figs 14a, 15a , 16a, 18a, b) is located at temperatures of 800-820 C at M H2O below 0Á2 wt % both for K-feldspar-rich and K-feldspar-poor domains. The solidus temperature for the K-feldsparrich domains of the patches (DR4-09-2) decreases to about 790 C with increasing M H2O up to 1 wt % (Fig. 18a) . In contrast, the solidus of the K-feldspar-poor domain of the patches (DR4-09-1) abruptly decreases to about 720 C at M H2O > 0Á4 wt % (Fig. 18b) . Thus, depending on the water content and bulk composition of the specific domains the patches would preserve melt down to different temperatures.
A specific feature of the K-feldspar-poor domains of the patches is the development of late chlorite (Supplementary Data Fig. S1b) . A pseudosection for the bulk composition DR4-09-1 (Fig. 18b) shows that chlorite begins to form at temperatures < 670 C at M H2O > 0Á4 wt %. No chlorite forms in the K-feldspar-rich portions of the patches even at M H2O up to 1 wt % (Fig. 18a) .
In the melanosome, the cooling stage is evident in the widespread formation of garnet-sillimanite-quartz textures (see Grt 2 in Fig. 5a -e) surrounding earlier garnet cores and extensive formation of biotite (þsillimanite þ quartz) (Fig. 5a-f) . Application of the conventional Mg-Fe exchange equilibria between garnet (Grt 2 ), cordierite and biotite in the vicinity of the garnet-sillimanite textures gives temperatures of 580-630 C.
GEOCHRONOLOGY
Zircons were analysed in one thin section of sample DR4-09 (8 analyses on six grains) and in two thin sections of sample L14-8/3 (L14-8/3a: eight analyses on five grains and L14-8/3b: 10 analyses on 10 grains, respectively). Two age clusters were obtained from these samples.
(1) Cores of two grains in the thin section L14-8/3b (see inserts in Fig. 19a ) gave ages of around 2900 Ma, and together define an isochron with an upper intercept age of 2928 6 18 Ma (2 r) (Fig. 19a) . One zircon core in thin section L14-8/3a gave a concordant age of 2965 6 17 Ma (Fig. 19a) . These zircons have Th/U ¼ 0Á04-0Á08.
(2) The rims of these three zircons (see insert in Fig. 19a ), as well as unzoned zircons in all three thin sections, gave younger ages, with several analyses showing significant discordance and/or common Pb. Nevertheless, eleven analyses with limited discordance have Th/U < 0Á04 and define a discordia with an upper and lower intercept at 2710 6 9 Ma and -5 6 280 Ma, respectively (Fig. 19b) . The upper intercept is within error of the one analysis that is concordant at the 1-sigma level, with an age of 2708 6 8 Ma. Thus, c.2710 Ma is the best estimate for the age of the younger population.
Thirty-five spots on 18 grains of monazite were analysed in the above three thin sections and in a thin section of sample DR4-14 (Fig. 20a) . No difference in the results was noted between the four thin sections. Most of the analyses are reversely discordant, which is a common problem in monazite U-Pb analysis. An unspecified matrix effect cannot be excluded as the reason for the observed reverse discordance. Nevertheless, the calibration for these analyses was made using monazite, rather than zircon, thereby minimizing the influence of the matrix. Therefore, we assume that the most likely cause of the discordance is the preferred incorporation of Th over U into the monazite lattice. The unsupported 230 Th, which is part of the 238 U-206 Pb decay scheme, leads to 206 Pb/ 238 U ages that are too high and thus reverse discordance (Kohn & Vervoort, 2008 ). Ten analyses from three different grains, however, are less influenced by this phenomenon, and gave a concordant age of 2665 6 4 Ma, albeit with a rather high MSWD of 3Á9 (Fig. 20b) . When all 207 Pb/ 235 U ages are put into order of increasing age (e.g. Elburg et al., 2016) , a plateau of ages defined by 25 out of 35 analyses is apparent (Fig. 20c ). This yields a weighted average age of 2666 6 4 Ma, supporting the concordia age. Five analyses, some of them from different parts of grains that yielded younger ages, gave a weighted average age of 2711 6 8 Ma. These grains (see Fig. 4a and Supplementary Data Fig. S1 for positions of these grains in the thin sections DR4-09 and DR4-14 and Supplementary Data Table S8 for compositions of these monazites) were found both as inclusions in quartz (DR4-09) and garnet (DR4-14) and in the matrix (L14-8/3). 
DISCUSSION AND MODELS
Mechanism of the patch formation
Pseudosection modeling and conventional thermobarometry imply that the patches are the products of fluid-absent or fluid-restricted in source partial melting of biotite-cordierite-rich metapelites at temperatures above 900 C and pressures of 6Á0-6Á5 kbar. The morphology of the patches are consistent with criteria suggested by Sawyer (2010) to define 'anatexis that involves the incongruent breakdown of biotite without an aqueous fluid phase'. This type of anatexis produces a neosome consisting of a melt-derived leucosome interspersed with the solid products from the incongruent breakdown of biotite (mostly, orthopyroxene and garnet), or surrounded by a melanosome, which also involves these phases and partially inherits the preanatectic nature of the metapelitic protolith. The formation of the leucosome at the Petronella locality was spatially localized, similar to many examples described from various metamorphic complexes (Waters, 1988; Stü we & Powell, 1989; White et al., 2004; Brown, 2007 Brown, , 2013 Clarke et al., 2007; Sawyer, 2010; White & Powell, 2010) . Localization of the melting reactions happens because of sparse nucleation of grains of peritectic minerals at the earliest stage of the melting process (White et al., 2004) .
Two major distinguishing features of the patches are important to adequately model their formation: (1) high abundance of K-feldspar, and (2) preservation of anhydrous minerals and insignificant re-hydration processes.
High abundances of K-feldspar imply high K 2 O contents of the melts forming the patches. In general, this is consistent with the composition of partial melts, usually produced in experiments, on dehydration melting of mica-bearing natural and synthetic rocks at pressures of 5-15 kbar (Vielzeuf & Holloway, 1988; Skjerlie et al., 1993; Carrington & Harley, 1995; Patiño Douce & Beard, 1995 Patiño Douce & Harris, 1998; Patiño Douce & Johnston, 1991; Pickering & Johnston, 1998; Koester et al., 2002) . In order to check the possibility of producing a K-feldspar-rich assemblage by melting of the Petronella metapelite, we constructed a T-M H2O pseudosection at 6Á5 kbar for the bulk composition of the metapelite PET-5 (Table 1) for the M H2O interval 0-1Á1 wt % (Fig. 21a) . The upper limit of this interval is the H 2 O content measured using TGA. An O 2 concentration of 0Á03 wt % was arbitrarily used for the calculations, assuming that the metapelite is richer in Fe 3þ (see below). The pseudosection (Fig. 21a) shows that metapelite melting at 910-940 C for a wide range of water contents produces the K-feldspar-free assemblage melt þ Grt þ Opx (with up to 7Á5 wt % Al 2 O 3 ) þIlm þ Crd þ Pl þ Qtz. K-feldspar appears only at M H2O < 0Á7 %, but its amount is still below 1 vol. %. Thus, the in situ melting of the biotite-bearing metapelite cannot produce the K-feldspar-rich assemblage that is characteristic of the patches. Figure 21b shows phase proportions during melting of the metapelite PET-5 containing (arbitrarily) 0Á9 wt % H 2 O. Melting progress (increase of the melt content) is accompanied by decreasing modes of biotite (up to elimination), plagioclase and quartz, whereas the modes of garnet and cordierite decrease insignificantly. A notable increase of orthopyroxene and ilmenite modes indicates that melting proceeded predominantly via the reaction (e.g. Vielzeuf & Holloway, 1988; Patiño Douce & Beard, 1995 
Rare ilmenite is found as separate inclusions in garnet (Supplementary Data Fig. S1c ) and lamellae in orthopyroxene (Fig. 4d) . Its appearance in the model assemblage (Fig. 21a) is certainly related to the unaccounted solubility of Ti in the melt (e.g. Hayden & Watson, 2007) , as well as in the orthopyroxene and garnet solid solution (e.g. Kawasaki & Motoyoshi, 2007) models used in the calculations. Although the modes of garnet and cordierite slightly decrease (Fig. 21b) , formation of new generations of these minerals during partial melting cannot be excluded.
At 910-940 C (grey box in Fig. 21b ), PET-5 produces melt with the following average composition: 70Á2 wt % SiO 2 , 14Á9 wt % Al 2 O 3 , 1Á6 wt % FeO, 0Á65 wt % MgO, 0Á6 wt % CaO, 3Á5 wt % Na 2 O, and 4Á9 wt % K 2 O (TiO 2 , MnO and Fe 2 O 3 are unaccounted in the melt model). The amount of melt, up to 25 vol. % (Fig. 21b) , is sufficient for its segregation (Clemens & Vielzeuf, 1987; Brown, 2007, 2013 and references therein) . The MgO/ FeO ratio of the melt, 0Á41-0Á42, is lower than the bulk MgO/FeO ratio in the patches (0Á56-0Á64; Table 1 ). It also has K 2 O/Na 2 O ¼ 1Á2-1Á6, which is comparable to the bulk K 2 O/Na 2 O ratio in the patches (1Á4-1Á7; Table 1 ) and sufficient to produce K-feldspar. In order to demonstrate assemblages that appear on isobaric cooling of this melt at 6Á5 kbar, a T-M H2O pseudosection was computed for the average melt composition above, with a water content varying from 2Á0 to 3Á6 wt % (Fig. 22a) . This pseudosection modelling suggests that variations in the water content can be caused by diffusion related to melt segregation (e.g. White & Powell, 2010) . We also arbitrarily added 0Á1 wt % TiO 2 , since this unaccounted-for component influences biotite stability. According to the pseudosection, cooling and/ or decrease of water content results in ilmenite and cordierite first crystallizing along with plagioclase and quartz. These are followed by garnet and K-feldspar (Fig. 22a) . Cordierite disappears peritectically as biotite and sillimanite begin to crystallize at 810-830 C (Fig. 22a) . At temperatures of 750-800 C, the amount of biotite is about 2-4 vol. %, while the amount of K-feldspar varies from 10-15 vol. % with large volumes of melt remaining (Fig. 22b) . Thus, crystallization of the melt that segregated during partial melting of metapelite reasonably explains the abundance of K-feldspar in the patches.
On cooling, the segregated melt precipitates garnet, but orthopyroxene does not crystallize from this melt (Fig. 22a) . This implies that orthopyroxene and garnet in the patches could be the products of different, but interrelated, stages during patch formation. Growth of orthopyroxene during partial melting (Fig. 21b) indicates that it is a restitic phase in the patches. Garnet also can be restitic (Fig. 21a, b) , but, in addition, it can also crystallize directly from the segregated melt on cooling, independently of orthopyroxene (Fig. 22a) . Along with the Mg-Fe late exchange facilitated by the melt, the different modes of occurrence of orthopyroxene and garnet during the process of patch formation explains the observed inconsistencies between the compositions of these phases in the patches deduced from pseudosection modeling. Pseudosection modeling shows that the composition of orthopyroxene in the patches is more suitable for the K-feldspar-depleted, i.e. melt-depleted, domains of the patches, which is close to the composition of the metapelite precursor (i.e. DR4-09-1 in Table 1 ; Fig. 14a-c) . In contrast, the composition of garnet is closely reproduced for the K- feldspar-rich domains of the patches representing the melt-rich portions (Figs 15a-c, 16a-c) .
The pseudosection (Fig. 22) predicts crystallization of cordierite from the accumulated melt. This phase is not detected in the studied patch samples, although it is present in the melanosome. Cordierite does not appear in the modeling of the K-feldspar rich domains of the patches (Figs 15a-c, 16a-c) . The melt predicted by the pseudosections for the K-feldspar-rich domains (Figs 15a-c, 16a-c) has FeO/(MgO þ FeO) ¼ 0Á79-0Á78, whereas FeO/(MgO þ FeO) ¼ 0Á71 for the melt produced from the melting of the metapelite PET-5. Thus, a possible reason for the instability of cordierite in the K-feldspar rich domains of the patches could be the higher FeO/(MgO þ FeO) ratio of the melt coexisting with the minerals in the patches. In fact, modeling shows that an increase of the FeO/(MgO þ FeO) ratio in this melt by only about 0Á06 results in the formation of garnet þ sillimanite instead of cordierite. The possible source for the unaccounted Fe in the melt within the patches could be Fe 2 O 3 , which is not present in the melt solution model used in the pseudosection calculations. It is evident that the Fe 2 O 3 content in the rock varied during patch formation because of strong variations in the biotite content, since biotite is one of the principal sources of Fe 2 O 3 (Hollister, 1988; Dyar et al., 2002; Cesare et al., 2005; White et al., 2014) . The presence of 0Á6-1Á5 wt % Fe 2 O 3 in sillimanite from the melanosome ( Fig. 14; Supplementary Data Table S4 ) also reflects the fact that the melanosome is richer in ferric iron than the patches. Sensitive indicators for the variations of the Fe 2 O 3 content of the rocks are sulfides. Pyrrhotite is a principal primary sulfide in the Bandelierkop metapelites. Its replacement by later pyrite (Fig. 3b) can be expressed by the following oxidation reaction:
where FeO is a component entering both minerals and melt. This reaction also can be rewritten as
where [Fe 2 O 3 ] is a component accommodated in minerals, namely in biotite. Pyrrhotite is totally absent in the patches, whereas pyrite is a principal sulfide mineral (Fig. 4a, f) . This confirms that the Fe 2 O 3 -consuming reactions (5a, b) could operate simultaneously with partial melting producing the patches and supplying additional FeO to the melts. However, pyrite is not stable above $830 C at 6-6Á5 kbar, being decomposed to FeS þ S 2 (liquid) (e.g. Kullerud & Yoder, 1959; Barker & Parks, 1986) . At the temperatures of patch formation (above 900 C), sulfur could be dissolved in the Fe-poor silicate melt via the mechanism (e.g. Poulson & Ohmoto, 1990) 
again providing additional FeO to the melt. Pyrite þ quartz formed on cooling via interaction of the sulfur dissolved in the melt with orthopyroxene, explaining the quartz mantles between pyrite and orthopyroxene (Fig. 4f) .
Preservation of anhydrous assemblages in the patches
The segregation of the melt produced during partial melting of the metapelites provides a reasonable mechanism for formation of the K-feldspar-rich patches within the Petronella metapelites. At temperatures of 910-940 C and 6Á5 kbar pressure, the segregated melt is predicted to contain 3Á3-3Á6 wt % H 2 O, which should provoke extensive hydration back-reactions on cooling and crystallization. Pseudosections (Figs 18a, b, 22a) show that, depending on the bulk composition, biotite begins to form at temperatures of 830-850 C, and its content would be well above 10 vol. % close to the solidus (Fig. 18a, b) . This is inconsistent with the negligible amount of late biotite in the patches (Fig. 4d, e) . Thus, evolution of the patches plainly included removal of water either via melt loss from the leucosome (Sawyer, 1987; Brown, 2002; Taylor et al., 2014; Nicoli et al., 2015) or diffusional re-distribution from the leucosome melt back into the residue (Powell, 1983; Waters, 1988; White et al., 2004; Clarke et al., 2007; White & Powell, 2010) .
In the case of melt loss from leucosomes after crystallization of peritectic minerals (Sawyer, 1987; Brown, 2002; Taylor et al., 2014; Nicoli et al., 2015) , the degree of back-reaction of the peritectic minerals should be proportional to the amount of melt that is retained in the system, as roughly reflected by the amount of Kfeldspar in the leucosome. Following from this conclusion, the plagioclase-dominated domains of the patches (Supplementary Data Fig. S1b ) can be considered as portions which suffered significant melt loss before voluminous K-feldspar crystallization. Following from the sequence of minerals that crystallized from the segregated melt (Fig. 22a) , the melt loss in these domains occurred at temperatures above 850 C. Melt loss is thus able to explain the presence of extensive rehydration textures of biotite6sillimanite þ quartz after orthopyroxene, cordierite, K-feldspar and primary biotite in the melanosome (Fig. 5a-f) , that might be considered as products of interaction of the lost melt with the rock outside the patches.
The melt loss scenario (Sawyer, 1987; Brown, 2002; Taylor et al., 2014; Nicoli et al., 2015) is also applicable to the K-feldspar-rich domains of the patches. However, melt loss in these domains has been delayed until temperatures decreased to about 820-800 C (Fig. 22a) . At these conditions, the amount of biotite is still below 1 vol. %, whereas the amount of K-feldspar is 7-15 vol. %, while a large volume (above 50 vol. %) of melt remains (Fig. 22b) . After removal of the melt, the amount of K-feldspar would be twice as much. However, the absence of extensive hydration reactions in the K-feldspar-rich domains of the patches might also be explained by water removal without melt loss. After segregation, communication of the patches with the surrounding rocks was driven by diffusional reequilibration over relatively short distances because of chemical gradients with respect to various components that were established between patches and the melanosome (Powell, 1983; Waters, 1988; White et al., 2004; Clarke et al., 2007; White & Powell, 2010) . The progress and completion of the melting reactions in the segregation-residue system depends on centimetrescale diffusion from the reacting phases towards the growing peritectic phases (e.g. White et al., 2004; White & Powell, 2010) . The diffusion gradients involve either one principal component, such as H 2 O (e.g. Waters, 1988) , or several principal components, such as MgO, FeO, MnO, H 2 O, K 2 O, Na 2 O (White et al., 2004; Clarke et al., 2007; White & Powell, 2010) . These gradients are recorded in the mineralogy of the patches, which contain more Fe-rich (see Table 1 ) assemblages of orthopyroxene and garnet without primary biotite, in contrast to the melanosome, which contain more Mgrich assemblages with rare garnet, but abundant biotite. Also, diffusion of H 2 O from the crystallizing leucosome melt back into the residue promotes crystallization of anhydrous products from the melt, accelerates solidification of the melt, and assists further development of hydrous products (Fig. 5a-f ) in the surrounding melanosome (White & Powell, 2010) .
Thus, development of the leucosome patches in the Petronella metapelites seems to combine both mechanisms for the formation of anhydrous assemblages in the leucosomes, i.e. the melt loss assisted with the preservation of garnet and orthopyroxene in the K-feldspardepleted domains of the patches and extensive back-reactions in the melanosome. These anhydrous Kfeldspar-poor domains triggered establishment of water gradients inside the patches, which could drain K-feldspar-rich domains to preserve garnet and orthopyroxene (Fig. 18a) . The local transport of water from the K-feldspar-rich (i.e. melt-rich) domains of the patches did not produce hydration in the K-feldsparpoor melt-depleted domains of the patches until temperatures of 650-660 C, after which the possibility for chlorite formation after orthopyroxene occurred (Fig. 18b) . In fact, extensive chlorite formation is characteristic for the K-feldspar-poor domains (Supplementary Data Fig. S1b ).
Fluids in the patches
Biotite-quartz, biotite-sillimanite-quartz assemblages and later chlorite after orthopyroxene, cordierite, garnet and K-feldspar, both inside the patches and in the surrounding melanosome, imply that the evolution of the patches in the Petronella metapelites was governed by the action of essentially aqueous fluids issued during solidification of the melt inside the patches. No Nabearing gedrite, which is a common product of hydration in the SMZ metapelites (van Reenen, 1986; Stevens, 1997; Koizumi et al., 2014) , was observed in the melanosome rocks around the patches (at least, as examined in this study). Safonov et al. (2014) (see also Safonov & Kosova, 2017 for experimental results) interpreted the presence of Na-rich gedrite in the metapelites as an indication of the action of the Na-salt component in the aqueous-carbonic fluid phase that accompanied the trondhjemite intrusions in the Petronella Shear Zone. Studies of coexisting CO 2 and aqueous-salt inclusions showed that CO 2 -rich, saltbearing fluids with mole fraction of H 2 O varying from 0Á3 -0Á1 were involved in high-grade retrograde metamorphism in the SMZ (van Reenen & Hollister, 1988; Baker et al., 1992; van den Berg & Huizenga, 2001; Huizenga et al., 2014; Koizumi et al., 2014; van Reenen et al., 2014) . No aqueous-salt inclusions were found in the patches.
However, primary carbonic inclusions in quartz in the patches suggest participation of small amounts of CO 2 in the patch evolution. The low density (corresponding to pressures below 4 kbar) of the inclusions implies that they were modified during P-T evolution that included leakage of H 2 O. There are several potential sources for CO 2 at the patch formation sites. CO 2 could be a product of cordierite decomposition during partial melting and also could be produced by oxidation of graphitic material within metapelites (Hollister, 1988; Stevens, 1997; Cesare et al., 2005) . Although we did not observe graphite in the studied Petronella rocks, this mineral is rather common in the Bandelierkop metapelites (e.g. Vennemann & Smith, 1992; Stevens, 1997) . Vennemann & Smith (1992) observed that d
13 C values of interstitial graphite in metapelites, both in the granulite sub-zone and in the amphibolite sub-zone (south of the orthoamphibole isograde) of the SMZ, correspond to a reduced organic carbon source. Stevens (1997) suggested that CO 2 in the metapelites of the SMZ was produced by interaction of aqueous fluids released from granitic magmas with this graphite. However, as well as water, CO 2 could also have been externally supplied, with leucocratic garnet trondhjemites (similar to those at the Petronella locality, Fig. 1b ) serving as the carrier of the fluid. The 'heavier' d 13 C of graphite measured by Vennemann & Smith (1992) and Safonov et al. (2018) in the garnet-bearing leucocratic granites in the Bandelierkop quarry (Fig. 1b) suggests that an external source of CO 2 could be rather common in the SMZ.
Behavior of minor elements during the patch formation Clarke et al. (2007) specifically noted that chemical diffusional re-equilibration between spatially focused melting reaction sites and host rocks can be effective enough to eliminate gradients with respect to major components (i.e. MgO, FeO, MnO), as is reflected by similarities in compositions of peritectic phases within leucosomes and melanosomes. This is true for the studied patches, since the compositions of orthopyroxene and garnet in the patches are very similar to those present in the melanosome. However, gradients could be still present with respect to trace elements. In this case, peritectic phases preserve trace element and REE patterns consistent with the dehydration of biotite in the melanosome (Clarke et al., 2007) . The newly-formed garnet and orthopyroxene in the melanosome became progressively enriched in Cr, Sc, Y and P during melting and segregation. Analyses of earlier generations of biotite in the melanosome rocks (Fig. 12b) unambiguously show that this mineral is a major source of Cr for new minerals produced during partial melting (e.g. Bea et al., 1994) . The partitioning coefficient of Cr between biotite and garnet varies from 1-2 (Spear & Kohn, 1996; Yang et al., 1999) . In general, this value is valid for Cr-enriched garnets (0Á22-0Á26 wt % Cr 2 O 3 ) and large biotites (0Á5-0Á6 wt % Cr 2 O 3 ) from the melanosome. Although there are no data on Cr partitioning between orthopyroxene and biotite, we could expect similar relations as in the case of garnet/biotite partitioning. Since the partitioning coefficients of Cr between liquid/biotite and liquid/garnet (or orthopyroxene) are significantly below unity (Nash & Crecraft, 1985; Sisson & Bacon, 1992; Bea et al., 1994; Spear & Kohn, 1996) , the behavior of Cr in the melanosome was largely determined by partitioning between garnet (and orthopyroxene) and biotite, which seems to be independent of temperature (e.g. Yang et al., 1999) . In this case, at constant Cr content in the system, the distinct concave zoning of garnet cores (Fig. 7) and in large garnets containing sillimanite inclusions (Figs 8f and 9f) reflects a progressive decrease of the biotite content.
Biotite was, probably, also the source of Sc for garnet (e.g. Bea et al., 1994; Spear & Kohn, 1996; Yang et al., 1999) . We had no possibility to check this more reliably, since the concentration of Sc in most primary large biotites preserved in melanosome is below the detection limit (50 ppm) of the Jeol Superprobe JXA-8230 microprobe. However, some biotite flakes contain up to 70 ppm Sc that is within the usual range of concentrations of Sc in metamorphic biotites (e.g. Bea et al., 1994; Spear & Kohn, 1996; Yang et al., 1999) . Since the partitioning coefficient of Sc between garnet and granitic melt (up to 63, Sisson & Bacon, 1992 ) is higher than the partitioning coefficient between biotite and granitic melt (4Á9-20; Nash & Crecraft, 1985) and orthopyroxene/granitic melt (18; Nash & Crecraft, 1985) , the progress of partial melting preferentially increased the Sc concentration in garnet. This conclusion is supported by the concave Sc profiles of some garnet cores (e.g. Fig. 7) .
The sources for Y and P in the peritectic garnets were Y-bearing monazite (Supplementary Data Table  S8 ) and xenotime (e.g. Spear & Kohn, 1996; Pyle & Spear, 1999) . Xenotime is very rare, but monazite is a common accessory mineral in the leucosome patches ( Fig. 4a; Supplementary Data Fig. S2a, e, f) . The Y 2 O 3 content in monazite varies from near 0 up to 5Á8 wt % (Supplementary Data Table S8 ), supporting the conclusion that this mineral was a major source for Y in garnet in the patches. Some garnet cores in the melanosome show slightly concave zoning in Y (Figs 7, 9f) , suggesting a progressive consumption of monazite during partial melting. The wide variation of the Y content in monazite in the patches is consistent with continuous changes of its concentration from earlier to later garnet generations in the patches (Fig. 10b) . Simultaneously elevated concentrations of Y and Cr are considered as specific features of peritectic garnets (e.g. Pyle & Spear, 1999) , supporting the conclusion that garnets with high contents of both elements, i.e. garnets in melanosome (Fig. 7, 8f, 9f ) and inclusions in orthopyroxene (Fig. 10b,  c) in the patches, were produced via incongruent reactions involving both biotite and monazite.
Profiles across garnets (Figs 7, 8a-f, 9a-f) demonstrate that P does not always follows the behavior of Y, suggesting an additional source for phosphorus. This source could be apatite, which is a rather common accessory phase in the Bandelierkop metapelites, but is extremely rare in the garnet-orthopyroxene patches (Supplementary Data Fig. S2f ). Textures involving monazite and xenotime (Supplementary Data Fig. S2f ) resemble the textures of apatite dissolution in peraluminous granitic melts (Wolf & London, 1995) and support the conclusion that apatite might have been the source of P in the peritectic garnets.
Along with plagioclase, apatite could also serve as an additional source for Ca. In fact, the elevated concentrations of Sc, Y, Cr, and P are accompanied by elevated contents of Ca in new garnets compared to a background of weak zoning in Mg, Fe and Mn (Figs 8-10 ). The discontinuous character of the distribution of Ca, Y, Sc, Cr and P between earlier and later garnet generations show that, because of low diffusion coefficients (e.g. Carlson, 2012 and references therein), their concentrations within garnets were not severely modified during cooling (in contrast to Fe, Mg, Mn). Although a weak concave shape of the Ca profiles is visible in some grains, Ca shows a much flatter distribution within the garnet cores (Figs 8-10 ), which can be attributed to higher diffusivity of this element than for Y and Cr at temperatures above 900 C (e.g. Carlson, 2012) . Calcium and trace element-enriched garnet cores in the melanosome served as sites of extensive melt accumulation (e.g. White et al., 2004) . Re-equilibration and partial redistribution of trace elements from the garnets to the melt resulted from the increase in the melt proportion around garnet cores. This process is manifested in garnet inclusions trapped by orthopyroxene crystals in the patches (Fig. 4a) . The inclusions also show elevated Sc, Y, P and Cr contents (Fig 11b, c) , which are lower than the contents in the garnet cores in the melanosome (Fig. 12a, b) . Rare garnets with oriented sillimanite inclusions in the patches also show elevated concentrations of Sc, Y, P and Cr (Fig. 11b, c) . This additionally proves that garnets from the melanosome served as seeds for voluminous crystallization of Al-rich orthopyroxene. On further near-isobaric cooling, crystallization of orthopyroxene was accompanied or followed by formation of the next garnet generation from the melt. Although this garnet generation is poorer in Sc, Y, Cr and P than the garnet inclusions in orthopyroxene (Fig. 11b, c) , it also actively accumulated trace elements. Thus, the latest garnet generation in the patches associated with myrmekitic intergrowths (Fig. 4c, e) that probably crystallized from the last portions of the melt, was strongly depleted in Sc, Y, Cr and P. In the melanosome rocks, the cooling produced Sc, Y, Cr-free garnet intergrown with Cr-poor sillimanite after cordierite, which usually is strongly depleted in these elements (e.g. Bea et al., 1994) . It is interesting to note that late biotite coexisting with this garnet still contains Cr 2 O 3 (up to 0Á3 wt%; Fig. 12b ), supporting the preferential partitioning of this component into biotite relative to garnet (Spear & Kohn, 1996; Yang et al., 1999) .
The evolution of the trace element composition of garnets in the patches is consistent with the criteria to distinguish garnets produced by peritectic melting of a biotite-bearing source reported by Taylor & Stevens (2010) and Dorais & Tubrett (2012) Relation of patch formation with the P-T evolution of the SMZ Concordant and discordant relationships between undeformed orthopyroxene-garnet patches and the sheared metapelites (Fig. 2a, b) , and coarse-grained orthopyroxene crystals locally overgrowing the contact of patches and host-rock (Fig. 2c) , imply that the patches were formed syn-to post-tectonically with respect to the regional shear deformational event that occurred before $2Á68 Ga. Similar orthopyroxenebearing patches (termed nebulitic leucosomes) within the Bandelierkop metapelites have also been described in other areas of the SMZ (Taylor et al., 2014; Nicoli et al., 2015) . Taylor et al. (2014) reported a U-Pb age of 2712 6 6 Ma for zircons from the orthopyroxene-rich nebulitic leucosomes at the Bandelierkop quarry, but did not provide a detailed study of either their petrogenesis or P-T conditions. Patches described by Taylor et al. (2014) and Nicoli et al. (2015) differ from those at the Petronella locality, first of all, because of the low content or absence of K-feldspar. Therefore, at present, it is not possible to compare our data with the observations of Taylor et al. (2014) and Nicoli et al. (2015) .
Pressures of 6Á0-6Á5 kbar calculated for the patch assemblages are consistent with the pressure range determined by different authors Perchuk et al., 1996 Perchuk et al., , 2000 Stevens, 1997; van Reenen et al., 2011 van Reenen et al., , 2014 Taylor et al., 2014; Nicoli et al., 2015) for the sub-isobaric cooling stage of the Bandelierkop metapelites (Fig. 23) , which followed at about 2691 6 7 Ma (Kreissig et al., 2001 ) after decompression and lasted until at least 2630-2620 Ma (e.g. Kreissig et al., 2001; van Reenen et al., 2011) . However, calculated temperatures at the beginning of patch formation are 50-70 C higher than temperatures of 850-870 C determined for the metamorphic peak (Taylor et al., 2014; Nicoli et al., 2015) (Fig. 23) . In contrast, temperatures obtained for the patches in the metapelites of the Petronella locality coincide with temperatures obtained for the garnet-bearing trondhjemites, which intruded these metapelites (Safonov et al., 2014) . Reintegrated cores of plagioclase with finely exsolved Kfeldspar lamellae in the trondhjemites reflect temperatures of crystallization between 900-1000 C. It cannot be excluded that the temperature of the initial magmas were even higher. Polyphase inclusions in the cores of garnets from the trondhjemites, comprizing corundum, spinel and sillimanite, record temperatures close to 900 C at a pressure of 6Á2-6Á3 kbar (Safonov et al., 2014) , which is within the pressure interval calculated for the patches (Fig. 23) .
The close spatial relationship between patch-bearing outcrops and trondhjemite bodies at the Petronella locality (Fig. 1b) , the syn-to post-tectonic origin of the patches and the P-T data suggest that formation of the patches might have been triggered by the trondhjemites emplaced at 2660-2670 Ma (Belyanin et al., 2014a, b) after the main stage of SMZ exhumation Fig. 23 . Comparison of the P-T data for the orthopyroxene-garnet patches with the P-T paths deduced for the SMZ. Shaded box shows the maximal P-T parameters for the formation of the patches at >900 C and 6Á0-6Á5 kbar. Grey dotted line (1) marks a generalized decompression cooling to sub-isobaric cooling path for the SMZ by van Reenen et al. (2011) . Black dotted (2) and dashed (3) lines show clockwise paths deduced by Taylor et al. (2014) and Nicoli et al. (2015) for the metapelites from the Bandelierkop and Brakspruit quarries. Thick grey dashed arrow (4) indicates a path for the Mg-Al-granulite DR19 (Belyanin et al., 2014b) . Thick grey arrow (5) shows the cooling path for the garnet-bearing trondhjemites (Safonov et al., 2014) . (Fig. 1a) . Relatively large (up to 1 km in diameter of presently exposed outcrops) bodies of garnet trondhjemite distributed in the SMZ close to the Petronella locality (for example, Bandelierkop, Manamead, Koppieskraal, Klipput localities) show that substantial volumes of hot trondhjemite magma have been involved in the SMZ. Intrusions of this magma were able to locally increase the temperature of the country rocks (which, presumably, recorded temperatures of at least 800 C at this period of time) above 900 C to provoke melting. The age relations between the patch formation and the trondhjemite intrusions is supported by the U-Pb data obtained for zircons and monazites from the patches (Figs 19a, b, . These data can be grouped into three clusters. The first cluster includes ages above 2900 Ma (2928 6 18 and 2965 6 17 Ma) measured for the cores of three zircon grains (Fig. 19a) . These values are within the range of ages < 3000 Ma determined by Rajesh et al. (2014) and Nicoli et al. (2015) for the cores of zircons from metasediments of the Bandelierkop Formation. To discuss these ages is beyond the scope of our present study. Nevertheless, these ages are in a good agreement with the period of granite magmatism (average at 2950 Ma) in the Northern Kaapvaal Craton (e.g. Jaguin et al., 2012; Laurent et al., 2013; Laurent & Zeh, 2015) , suggesting that this magmatism has been involved in the evolution of the protolith of the patches. The second cluster of at $2710 Ma (Fig. 19b) represents data measured at the rims of three zoned zircons, unzoned zircons and five monazite spots from four samples of the patch rock. This cluster fits to data recently interpreted as the age of peak metamorphism for the rocks of the Bandelierkop Formation (Belyanin et al., 2014a; Rajesh et al., 2014; Taylor et al., 2014; Nicoli et al., 2015) . The third cluster includes age data obtained from monazites only. A weighted average 207 Pb/ 235 U age of 2666 6 4 Ma (Fig. 20c) is indistinguishable from the age of trondhjemites at the Petronella locality (Belyanin et al., 2014a (Belyanin et al., , 2014b . We assume that monazite reflects the evolution of the patches. This conclusion is supported by the wide variation of Y 2 O 3 content in monazites from the patches (Supplementary Data Table S8 ), which is concomitant with continuous changes of Y 2 O 3 concentration from earlier to later garnet generations in the patches (Fig. 10b) . The obtained P-T data and age span of 2710-2666 Ma imply a close relationship of the trondhjemite magmas with the commencement of interaction of the SMZ granulites with underthrusted greenstone rocks of the Kaapvaal Craton that occurred between 2720-2690 Ma (e.g. van Reenen & Hollister, 1988; van Reenen et al., 2011 van Reenen et al., , 2014 Kramers et al., 2014) .
The possible origin and source of the trondhjemites is beyond the topic of this study. However, the high contents of Al 2 O 3 , CaO and Na 2 O combined with the low K 2 O contents (Safonov et al., 2014) of the trondhjemites suggests a metabasaltic or amphibolitic source. Experimental studies (see review in Moyen & Stevens, 2006) show that melting of amphibolites are able to produce tonalite-trondhjemite melts within a wide pressure range at temperatures of 900-1000 C. Whether underthrusted amphibolite similar to that from adjacent greenstone belts on the craton might be a possible source, or whether mafic granulites and amphibolites of the SMZ are a more viable source, is matter for future studies. Such studies should also offer a viable explanation for the temperatures above 900 C necessary for the melting of the source material. A link with the Limpopo Orogeny is supported by two U/Pb age populations of zircons in the Petronella trondhjemites, documented by Belyanin et al. (2014a) . The age of 2667 6 9 Ma (rims of zircons) is interpreted to represent the time of emplacement and crystallization of the trondhjemite, while the age of 2726 6 9 Ma (cores of zircons) is close to the age determined for amphibole from SMZ mafic granulites (Belyanin et al., 2014a ) and the published age of peak granulite metamorphism in the SMZ. Thus, the formation of the trondhjemite magmas is closely related to the timing of collision, orogeny and subsequent exhumation. The heat source for the production of these magmas was probably related to the upwelling of hot asthenospheric mantle during convergence and collision of continental lithospheric blocks as demonstrated in 2D numerical experiments by Perchuk et al. (2016) .
The presence of abundant CO 2 in the fluid associated with the trondhjemites (Safonov et al., 2014 (Safonov et al., , 2018 would imply a carbonate-bearing source for these granitic magmas (e.g. Holloway, 1976; Frost & Frost, 1987; Frost et al., 1989; Lowenstern, 2001) . A reasonable source for the CO 2 is carbonates that are often associated with the greenstone rocks. This assumption is supported by d
13
C values for graphite and fluid inclusions from garnet trondhjemites associated with the Bandelierkop metapelites (Vennemann & Smith, 1992; Safonov et al., 2018) , which fall within the range of d 13 C for carbonates in greenstone belts (Groves et al., 1988; Powell et al., 1991; Jia & Kerrich, 2000; Sarangi et al., 2012) . Despite the low solubility of CO 2 in silicic magmas at pressures below 15 kbar (< 0Á9 wt %; see Ni & Keppler, 2013 for compilation of experimental data), CO 2 could coexist as a free fluid phase with the trondhjemite magmas buffering water activity, and facilitate the ascent of the magmas (Holloway, 1976; Frost & Frost, 1987; Frost et al., 1989; Lowenstern, 2001 ). On crystallization of the trondhjemites, CO 2 could participate in metasomatic processes around the trondhjemite intrusions, including the localized partial melting recorded in the studied garnet-orthopyroxene patches.
Garnet-orthopyroxene patches developed in metapelites at the Petronella locality might thus be considered as an example of local partial melting related to the thermal impact of felsic intrusions derived from a deeper source, similar to that recorded in various metamorphic complexes worldwide (e.g. Powers & Bohlen, 1985; Jung et al., 1998; Rickers et al., 2001; Rajesh, 2004; Barbosa et al., 2006) . The structural position of the leucosome patches within the Petronella Shear Zone closely resembles the undeformed coarse-grained orthopyroxene and garnet-bearing patches described by Morfin et al. (2013 Morfin et al. ( , 2014 that occur within the injection migmatite complex of the Opinaca Subprovince in northern Quebec, Canada. These authors interpreted the patches as evidence for partial melting of host metagreywackes intruded by abundant leucogranite veins and dykes. Taking these similarities into account, the Petronella locality can arguably be considered as an injection complex formed by pervasive intrusion of differentiated leucocratic granitic magma at P-T conditions which were close to the solidus of the host-rocks (cf. Weinberg & Searle, 1998; Leitch & Weinberg, 2002) . Numerical modeling (e.g. Leitch & Weinberg, 2002) shows that pervasive migration of melts is an efficient way to heat lower-middle crustal rocks and maintain higher temperatures around injected bodies via the latent heat of crystallization (Morfin et al., 2013) .
CONCLUSIONS
We have presented evidence for fluid-deficient, localized melting of cordierite-orthopyroxene-biotite metapelites of the Bandelierkop Formation of the SMZ associated with the Petronella Shear Zone. The mechanism of partial melting was determined from common reactions involving biotite, plagioclase and quartz, which produced peritectic orthopyroxene and garnet along with a potassium-rich melt. Accessory minerals played an active role in these reactions. Monazite and apatite provided abundant Y and P for peritectic garnet, whereas the transformation of pyrrhotite to pyrite supplied additional FeO to the melt. The melt segregated into centimetre-scale patches that developed around peritectic minerals. On cooling, the segregated melts crystallized to produce abundant K-feldspar as well as Sc, Y, Cr and P-poorer garnet inside the patches. The evolution of the patches was accompanied by active partial loss of the melt. This process enabled preservation of anhydrous assemblages inside the patches and re-hydration of the surrounding melanosome at temperatures < 600 C. Phase equilibrium modeling and conventional mineral thermometry consistently show that melting occurred at temperatures above 900 C at pressures of 6Á0-6Á5 kbar, i.e. at a depth corresponding to the subisobaric cooling stage of the SMZ rocks (van Reenen, 1983; Perchuk et al., 1996 Perchuk et al., , 2000 Stevens, 1997; Taylor et al., 2014; van Reenen et al., 2011 van Reenen et al., , 2014 Nicoli et al., 2015) . Close spatial and structural association with trondhjemite bodies that syn-to late-tectonically injected the SMZ at about 2670 Ma (Belyanin et al., 2014a) , similar P-T conditions and geochronological data support our assumption that pervasive injection of trondhjemitic magma served as the trigger for localized partial melting.
